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SYNOPSIS 
Narrowing of an artery caused by the protrusion of a 
plaque into the vessel lumen is the most important lesion in 
the deterioration of vessels and consequently of organs 
supplied by them. Such a lesion, an arterial stenosis, is 
at the core of most cardiovascular deaths, which account for 
about half of the deaths in the Western hemisphere. Plaques 
first appear in relatively young subjects and remain 
unnoticed and cause no ill effects for years, until their 
growth affects blood flow through the involved vessels and 
thus to the organs supplied by them. At a certain point in 
its growth, a plaque first begins to disturb flow - the 
harbinger of more severe impairment to come. This stage in 
the growth of a plaque is called a critical stenosis and it 
is to the study of this phenomenon that the work herein is 
dedicated. 
we first review previous attempts to define this 
'critical' value and analyze the effects that geometry and 
other variables have in determining this value. For this 
purpose, animal, physical and mathematical models have been 
used. The peculiar biological variability in the geometry 
of the vessels and the mechanical behavior of blood 
justifies the rigorous examination of previous work on this 
subject. Our approach to the study of critical arterial 
stenosis follows first a theoretical path based on a 
fundamental continuity proposition of losses and draws from 
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established empirical and theoretical observations in both 
hydraulics and flow mechanics. From this, it is concluded 
that the most important determinants of the critical value 
for an arterial stenosis are the geometry of the stenotic 
artery and the flow velocity in the vessel prior to the 
development of a stenosis. These assumptions are tested in 
a biological model and are found to be accurate. 
The turbulence-generated noise which indicates that the 
stenosis has reached its critical stage has been and is used 
clinically to assess not only the presence of a critical 
stenosis but also to estimate its severity. Until recently 
merely descriptive terms have been used in clinical medicine 
to describe the different kinds of noise registered. In the 
last six years efforts have been made by several 
investigators to quantify and characterize noise and thus 
estimate the severity of the lesion causing it; with the 
current emphasis in noninvasive diagnostic techniques this 
method could be a useful tool for massive screening of a 
population at risk. Some current assertions about our 
ability to define the underlying geometry of a vessel, by 
the determination of the so-called "break frequency" and 
other characteristics of the sound, could not be duplicated 
in our experiments and their applicability appears 
questionable. 
Finally, our demonstration that a critical stenosis 
cannot be a fixed value for any given vessel prompts the 
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introduction of the term "relative" stenosis. The practical 
applications of this view of a critical stenosis in terms of 
designing vascular reconstructive operations in man 
concludes this study. 
4 
To Moncho 
Acknowledgements 
The author wishes to acknowledge the support and 
guidance given by Professor J. M. Zarek, Department of 
Mechanical Engineering, University of Surrey and the 
collaboration of the Department of Biomedical Engineering, 
King's College Hospital Medical School where part of the. 
experimental work was done under the co-directorship of 
Professor J. M. Zarek and Mr. L. T. Cotton. Special thanks 
are due to Roger F. Higgins, Ph. D. for his important help 
and many suggestions throughout this work. Thanks are also 
due to Ms. Sheila Barry for her secretarial help in the 
preparation of this thesis. 
6 
INDEX 
Page 
Title Page 1 
Synopsis 2 
Acknowledgements 6 
Index 7 
Chapter 1: Introduction 9 
The natural history of a plaque causing a 
stenosis in a human vessel is reviewed. The 
concept of a critical stenosis is introduced. 
Chapter 2: 15 
A review of the published literature concerning 
the subject of critical arterial stenoses and 
the use of animal, physical and mathematical 
models to explain it. 
Chapter 3: 54 
A theoretical model is described relating the 
kinetic energy of the flow stream and the 
geometry of a stenosis. The theoretical and 
experimental errors involved in the computation 
of kinetic energy and vessel geometry are 
7 
discussed. A demonstration of the mechanics 
involved by the use of a Hele-Shaw plate is 
included. Experimental results are presented to 
validate the theoretical model validation is 
established. 
Chapter 4: 137 
Discusses the matter of noise generated by 
arterial stenoses including a historical account 
of the interpretation of sound generated by a 
critical stenosis and recent efforts to 
characterize this noise in terms of the geometry 
of the underlying stenosis. 
Chapter 5: 176 
Practical applications of a conceptual view of a 
critical stenosis are described. A critique is 
made of some current beliefs regarding stenosis- 
generated noise and an ability to surmise the 
underlying flow mechanics from the analysis of 
this noise. 
References 207 
8 
CHAPTER 1 
INTRODUCTION 
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A plaque protruding into the lumen of an artery is the 
first event in a series of steps that follow this pattern: 
at the beginning, the protrusion of the plaque into the 
lumen is minimal and there is no flow disturbance of any 
significance in its boundary. As the plaque grows, it 
reaches a size where the flow disturbance caused by its 
encroachment upon the lumen is manifest but only when the 
flow passing through the plaque attains a certain velocity. 
This is the situation created when exercise or other 
stimulus causes the distal arterial bed to dilate (lowering 
its impedance) and flow velocity to increase. As the plaque 
continues to grow and its encroachment upon the lumen 
becomes severe ' it interferes with flow and the tissue 
supplied by the artery do not get enough blood even at 
periods of low demand, such as during rest. In this 
situation, collaterals which have slowly developed around 
the blockage, attempt more or less successfully to bypass 
the block and supply some of the blood flow demands of the 
peripheral tissues. The continued growth of this plaque 
eventually results in very severe blood flow restriction and 
thus tissue damage to the areas supplied by the artery. The 
narrowing may also progress to a degree where a thrombus, a 
precipitation of blood components, finally blocks whatever 
1 At this stage a plaque may also degenerate in its center 
and develop an ulceration or crater through which it 
discharges its contents into the blood blocking small 
vessels downstream. 
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is left of the remaining lumen. At this point if the tissue 
supplied by the artery in question has not been adequately 
supplied by collaterals, it will die. 
Cardiovascular disease is the most frequent cause of 
death. The combination of myocardial infarctions, strokes, 
and other ischemic accidents account for more than 50% of 
the deaths in the Western hemisphere. It is surprising but 
explainable that we know so little about both the natural 
history of arterial plaques and the mechanics of their 
effects on the flow of blood. 
The natural history of an arterial plaque has only been 
unraveled in a rather rudimentary manner. Although this 
problem is not the theme of this investigation but certainly 
deserves a brief commentary. 
It is well known that arterial plaguing advances with 
age. In general, the more advanced the age of a subject, 
the greater and more severe plaguing he will show in his 
arteries. There is objective proof that the natural history 
of plaques is to grow and progress in the sequence outlined 
above. It would be most important in terms of understanding 
and also preventing the effects of this disease to know the 
rate at which plaques grow. This would permit predicting 
the outcome of a lesion and deciding the most opportune time 
for intervention. It has been shown that the rate of growth 
of a plaque is most variable, differs for various location 
and can be accelerated or retarded by many biochemical and 
physical factors in the blood and in the arteries. 
As it often happens at the beginning of an inquiry into 
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a new subject, most of the literature dealing with the 
morphology and growth of plaques is basically a Linnean 
classification effort. Plaques have been classified 
according to their size, color, consistency, staining and 
composition characteristics. They are also rated in terms 
of severity, usually as percent-diameter or percent-cross- 
sectional area lost and, logically, a continuum of growth 
has been assumed from the very small, flat yellow streaks in 
the inner layers of arteries to the severe large stenosing 
lesions. 
An obvious reason for our meager knowledge about the 
growth of plaques is their inaccessibility. Plaques in vivo 
do not allow direct inspection. Measurements either direct 
or indirect are difficult. The advent of arteriography in 
1927 allowed the X-ray-photographic delineation of these 
arterial lesions. Their growth was documented in those 
patients who for one reason or another had to have repeated 
arteriograms. Arteriography, however, has in itself a 
certain amount of risk. It involves a pressurized injection 
of iodine contrast material into the arterial system and, 
although much safer now, it is by no means devoid of 
complications or incommodities. Because of this it has been 
used sparingly to provide critical decisions such as when to 
operate or not and only very infrequently to follow at 
rather long intervals the progression of arterial lesions. 
One of the first studies conducted in the growth of 
plaques was done in those lesions forming at the origin of 
the internal carotid artery, a type of lesion responsible 
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for a great number of strokes. This early study done by' 
Javid (13) showed that the growth of the plaque is not a 
simple function of time but rather can be accelerated or 
decelerated by the presence of other conditions such as high 
blood pressure, diabetes, etc. The data produced by Javid 
was limited to the particular type of plaque developing in a 
specific location, and his observations were few in number. 
The standard deviation of the rates of growth was so wide 
that using his figures as a data base, it is impossible to 
anticipate with any degree of certainty the future size of 
an existing plaque after 5 or 10 years. Furthermore, we 
know that plaques grow at different rates and have different 
composition in various arteries. Finally, the clinical 
significance of a plaque is, of course, determined by the 
territory which the artery in question supplies. Much more 
interest is aroused by the natural history and effects of 
plaques in the coronary or cerebral arteries than those 
developing in arteries supplying, for instance, the legs. 
The appearance and growth of a plaque is linked to the 
biochemistry of lipid transport, to the geometry of a vessel 
in question and to the composition of the blood in that 
particular individual. Flow phenomena determined by the 
geometry of the vessel are very important factors in the 
localization and growth of these plaques as it can be shown 
by their repetitive appearance in certain favorite and 
critical locations much before the degeneration of the 
arteries elsewhere in the body reaches any measurable 
degree. Flow effects induced by bifurcations, branchings 
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and curvatures have been invoked in the production and/or 
localization of plaques. Bifurcations can be shown in 
physical models to cause boundary layer separation and 
vortex formaton in the same areas where in the living animal 
we can observe the earliest deposition of plaque material. 
As we shall see, it takes a substantial amount of 
arterial narrowing to cause measurable drops in flow rate 
and in the pressure distal to the narrowed point. When a 
drop in flow and pressure occurs, the stenosis or narrowing 
is said to have reached a "critical" value. There is 
confusion in the medical literature as to what parameters 
define the "critical" value of narrowing that will produce a 
significant pressure difference or a drop in the flow rate 
through a vessel. 
The problem of the critical stenosis, the prediction of 
its occurence and the physical grasp of its mechanics are 
not therefore theoretical or abstract problems, but matters 
that have a direct importance on everyday surgical decisions 
and planning. Narrowing of an artery is the most common 
problem in our circulatory system beyond middle age and a 
very common reason for which vascular surgery operations are 
performed. Having established its importance, its 
elucidation must be pursued for, being a problem of fluid 
mechanics, however particular, it must, have a theoretical 
solution. 
CHAPTER 2 
PREVIOUS EFFORTS IN THE UNDERSTANDING OF THE MECHANICS 
OF ARTERIAL STENOSES 
15 
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SYNOPSIS: CHAPTER 2 
The chapter begins with the observation of Mann (2.1) who 
noted that a human artery had to be constricted quite 
severely before any change in pressure or flow could be 
measured beyond the point of narrowing. He also noted that 
once a critical degree of narrowing was reached, any further 
constriction would result in precipitous drops in flow rate 
and distal pressure. 
There follows a description of the work of other 
investigators in the wake of Mann's observations. It was 
gradually understood that the "critical" value was not fixed 
for each vessel but rather was affected by other variables, 
such as peripheral resistance. 
Section 2.2 reviews the use of animal models to 
investigate the phenomenon of critical arterial stenosis and 
discusses specifically the difficulty of obtaining precise 
determinations of flow parameters in a living animal: the 
measurement of flow and pressure does not present major 
difficulties; conversely the determination of the precise 
geometry of the preparation and its unsteadiness are 
difficult problems in animal experimentation. 
In 2.3 the advantages and limitations of physical 
models are discussed. Specific attention is paid to the 
model developed by Young and Tsai which in spite of the 
idealized treatment of various parameters provides us with 
valid information on the factors determining the behavior of 
a stenosis under steady and unsteady flow conditions. 
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Under Mathematicals Models (2.4) we consider the law of 
Poiseuille and its inapplicability to the solution of the 
phenomenon of critical arterial stenosis. Empirical 
mathematical solutions such as those of Byar are also 
discussed. The ecclectic mathematical model of May is 
discussed although the derivation of one of the three terms 
of his equation remains unclear. Finally, another 
mathematical model presented by Guida is mentioned, although 
it throws little light on the mechanics of flow through 
stenoses. 
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2.1 PIONEERING OBSERVATIONS OF MANN AND OTHERS 
The fact that a narrowed artery causes a decrease in 
blood flow has been common knowledge among physicians for 
many years. It was, however, implicitly assumed that there 
would be some degree of proportionality between the decrease 
in diameter and the corresponding decrease in flow. The 
question was then a theoretical one since few direct 
physiological measurements of the blood flow parameters were 
done in clinical or physiological situations and no direct 
arterial surgery was performed in those years. 
It was precisely the introduction of direct flow 
measurements which brought this problem to the fore. Frank 
Mann working with a thermostromuhr had noticed that in order 
to obtain precise measurement of blood flow, the 
thermostromuhr had to be applied with a snug fit. There was 
then the question as to whether this tight fit might 
influence the measurement in itself since presumably even a 
small degree of constriction was suspected to change the 
flow rate through the vessel. His experiments proved that 
it was possible to constrict substantially an artery with a 
thermostromuhr without changing the rate of flow through it. 
To investigate this, Mann in 1938 set two series of 
experiments (20) using circulatory models and then performed 
a third series using animals. The first fluid model he used 
was a gravity system with a reservoir at a constant height 
to produce a constant pressure in the tubing to be tested. 
The mimicking of the peripheral resistance in the human 
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vasculature was done by connecting a parallel arrangement of 
capillary tubes at the end of the test circuit which 
simulated the peripheral resistance of the arterial 
circulation. He chose to work first with the carotid artery 
of the dog. The carotids were removed from the animals and 
placed in continuity in his simple circulation model. The 
lumen of the segment of carotid artery to be tested was 
narrowed by placing drilled tubes inside the vessel. The 
units were made out of bakelite and had inner bores of 
different diameters. With this setup he showed that a very 
substantial decrease in internal diameter of the artery 
could be made with negligeable flow reduction through the 
system. Mann then used constricting units applied to the 
outside wall of carotid arteries of living anesthetized dogs 
and constricted these vessels to known diameters, while 
measuring flow rates through them. In order to calculate 
the true internal lumen resulting from the external 
constriction he measured the wall thickness of the collapsed 
artery and assumed this thickness to remain constant during 
constriction. As we shall see later, there is substantial 
error in this method. His conclusions, however, were the 
same as those obtained in his flow model, that is, that in 
the arteries with which he was working he could reduce the 
lumen to 40% of the unconstrained cross-sectional area 
without any significant decrease in flow rate. 
The experiments of Mann had important implications in 
the understanding of flow mechanics of an arterial stenosis 
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Figure 2.1: The phenomenon of critical arterial stenosis. Flow rates 
plotted vs percentage stenosis of vessel lumen. 
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in spite of some minor errors of modeling. His conclusions, 
however, were surprising. Judging by the scarcity of 
follow-up work on this theme in the ensuing fifteen years it 
is presumed that his conclusions were not entirely accepted 
or known. 
In 1944 Shipley and Gregg (27) working also with a 
thermostromuhr repeated Mann's experiments and criticized 
his paper. They rightly pointed out that Mann's work 
contained geometrical errors in the computation of the 
internal lumen of a progressively constricted artery. They 
also noted that the effect of the stenosis on flow rate 
depended on the peripheral resistance and used a flow analog 
of Ohm's Law to reason this out. They concluded, as has 
been wrongly maintained in the literature for many years, 
that the effect of a stenosis is primarily that of 
increasing the fluid friction [viscosity effect, they called 
it] at the site of constriction . The scattering of their 
data and the difficulty of determining the variables 
involved led them to conclude that there was "no 
justification for the contention that a rather marked degree 
of external constriction is required to produce a 
significant reduction in flow through a vessel. " 
In 1960 Schenk (26) created experimental stenoses in 
the aortas of dogs and showed that the flow rate through the 
constricted area remained reasonably high (between 41% and 
85% of the original unimpeded flow) in spite of a 94% 
reduction in the cross-sectional area of the descending 
aorta. 
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Figure 2.2: Graph of percent flow reduction vs percent stenosis obtained 
in the classic experiments of Shipley & Gregg where they showed various 
critical points obtained with the same stenosis for different values of 
'peripheral resistance'. 
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Tindall (29) in 1962 did in vivo flow measurements in 
the carotid artery of humans. He again noted that there was 
no change in flow with progressive constrictions until a 
certain percentage of the area was involved, at which point 
they detected changes in flow and pressure. He arbitrarily 
chose to call a stenosis 'significant' when it caused 
changes in flow greater than a 10% drop from the baseline 
flow rate. Such change did not occur in his experiments 
until the reduction in cross-sectional area amounted to 70%- 
90% of the original value. He also noted that the larger 
the vessel, the greater the percent reduction in cross- 
sectional area which was necessary to detect changes in flow 
or pressure . 
May (22,23) in 1963 noted also that the dimensions of 
the unstenosed artery and the values of the peripheral 
resistance of the vessel resulted in different values for 
the "critical" stenosis. As did previous workers, May noted 
that beyond this "critical" point of stenosis the reductions 
in flow and in distal pressure with progressive increments 
of narrowing was precipitous. He also noted that if the 
peripheral resistance was lowered by cutting the nerves that 
keep the small peripheral vessels constricted 
(sympathectomy), the critical stenosis value for the artery 
in question also changed . 
Similar experiments carried by van de Berg in 1963 (30) 
led him to conclude that the value of critical stenosis 
varied as a function of (a) blood velocity, (b) degree of 
stenosis (percent of cross-sectional area loss), (c) length 
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of the stenosis, and (d) peripheral resistance. 
A different approach to understanding the mechanism of 
a critical stenosis was made by Brice (3) and his 
collaborators working with human carotid arteries. Their in 
vivo determinations were done in patients undergoing 
operations in which the carotid artery had to be ligated. 
They checked the 'in vivo' findings in a hydraulic 
experimental model, using fluid with the same viscosity as 
human blood at perfusion pressures in the range of those 
found in human beings (100 Torr). The measurements they 
obtained in vivo led them to conclude that independently of 
the original lumen of the artery, the 'critical area' of a 
stenosis beyond which precipitous drops in flow and pressure 
occurred was 4.5 + 0.7 S. D. mm 2. Furthermore, they 
stated that this absolute critical remaining area bore no 
relation to the cross-sectional area of the unconstricted 
artery. They concluded that the critical stenosis value of 
an artery should not be expressed in a relative manner as a 
percent of cross-sectional area lost but rather in absolute 
terms as a critical value of the cross-sectional area. 
(Brice defined this 'critical' area for a stenosis as that 
causing a 5% decrease in pressure or a 10% decrease in 
flow). It must have occurred to him that the definition of 
critical stenosis in terms of absolute area could only be an 
approximation for pipes of similar size to the carotid 
artery carrying also similar flow rates. 
Brice also tried to ascertain the influence of the 
geometry and length of stenosis in flow and pressure 
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changes. He tested round constrictions of arteries of 
various lengths as well as stenosis with slit-like shapes. 
In his in vitro experiments using uniformly bored 
inserts, he showed that the pressure drop resulting from 
increasing the length of the stenosis is relatively small. 
Finally, when considering the role of in-series stenoses, he 
found that, as expected, two stenoses of 10 mm. in length 
when contiguous had the same resistance of a 20 mm. length 
stenotic segment. As these two constrictions were separated 
along the vessel, their resistance to flow increased; when 
the separation between the two stenoses reached 30 mm, the 
pressure drop measured was equivalent to the sum of the 
pressure drops obtained with each stenosis individually. 
The problem of stenoses in series was treated by Brice 
in a purely empirical and very brief manner. More recently 
Flanigan (8) has done work on the effects of multiple 
stenoses and has shown that the post-stenotic pressure 
changes beyond each stenosis are additive but non-linear 
under both steady and unsteady flow conditions. Detailed 
analysis of flow patterns associated with multiple stenoses 
under unsteady flow conditions is exceedingly complex due to 
the different reflection and transmission coeffficients 
involved in the progress of the pressure wave through the 
series stenoses. 
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Experimental work on the problem of arterial stenosis 
has been done using mainly physical and animal models. 
Mathematical models have been infrequently used: most are 
exceedingly complex and require advanced computer 
techniques. A few simple models, such as Poiseuille's 
equation, have been extensively quoted but as we shall see 
later (see Section 2.4: "Mathematical Models") are not 
appropriate to the understanding of the flow and pressure 
changes in arterial stenosis. 
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2.2 ANIMALS MODELS 
Animal models have generally been complementary to 
physical models. They reproduce in a more realistic way 
what happens in human arteries, but they have some important 
drawbacks. The common problem with the use of animal models 
is their lack of a steadiness: changes in heart rate with 
respiration and changes in the impedance distal to the 
stenosis secondary to the presence of the stenosis itself 
(auto-regulation). The measurements of flow and pressure 
can be done accurately in animal models, but the dimensions 
of the system are difficult to obtain. 
2.2.1 Dimensions of the Experimental System 
A pulsating, viscous and ever-changing arterial wall 
does not lend itself to the precise measurements which are 
so important in the "critical" range of stenosis. These 
problems are not unusual in biological experimentation. The 
arterial wall stretches radially in a non-linear manner when 
subjected to the pulse pressure. The wall in itself 
contains 70% water and its thickness may vary considerably 
after the segment in question is exposed to air for 
measurements. Contact, light and temperature change easily 
the degree of constriction of their muscular walls and this 
in turn alters the dimensions of the artery. 
The traditional manner of measuring the degree of 
stenosis in biological models is by x-ray injection of a 
radiopaque dye through the experimental segment of artery. 
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Usually, monoplanar views are taken. This implies, 
naturally, that the measurements are only valid if the 
constriction is concentric and axysymmetric. Most 
experimental stenosis in animals fulfill this criteria. In 
the living model, however, even the simple injection of dye 
upstream the stenosis to be measured may change the 
dimensions of the experimental segment particularly those of 
the unstenosed portion. Beales (1) showed this when he was 
trying to measure the internal diameter of the aorta and 
iliac arteries in dogs . The dimensions of those arteries 
obtained while the dogs were alive were grossly different to 
those obtained shortly after the dogs were killed. This is 
particularly relevant when one considers that both 
determinations were done perfusing the animals at the same 
mean pressure. Thus, an experimental physical flow model 
which includes a segment of artery inserted in continuity in 
order to observe the consequences of a progressive stenosis 
may not be an adequate representation of the living 
situation. 
In biological models, internal diameters are often 
calculated by subtracting the estimated wall thickness from 
the outside diameters. Because of this we need to make some 
considerations about the behavior of this plastic wall in 
response to an external constriction. 
In his original experiments, Mann (20) used external 
constricting blocks, halved, with drilled bores of known 
diameters. He assumed that the percentage of internal 
constriction of the vessel would be a direct proportion of 
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the percentage of external constriction. He incorrectly' 
assumed that the wall thickness, which he had previously 
measured, remained constant. This was an important 
geometrical error as it was pointed out in 1944 by Shipley 
and Gregg (27). These authors showed how under Mann's 
assumptions, the occlusion of the vessel being progressively 
constricted would have occurred later than it did in 
reality. Shipley and Gregg convincingly argued that with 
the constricting blocks they used (10 mm. length) there was 
no mass extrusion and therefore the internal diameter could 
be predicted from the values of external diameter and the 
assumption of a constant wall mass. Their conclusions apply 
to constricting blocks of a certain length but do not apply 
to tight, minimal length, orificial-type stenoses, such as 
those produced by a fine thread or wire around an artery. 
We found this out in our experiments where we used both 
plastic constricting blocks of various lengths and nylon 
loops. When using constricting blocks, we assumed a 
constant wall volume as Shipley and Gregg had done and found 
our theoretical predictions confirmed by actual 
measurements. In experiments using the nylon loop, however, 
the assumption of constant wall mass does not hold. In 
fact, there is some shift of wall mass at the constriction 
point in the vessel. Thus, in order to compute the small 
internal radii of stenoses, some extrapolation had to be 
done (see 3.2.2 Measurements of the geometry of a stenosis). 
With rare exceptions, most of the experimental work has 
been done with concentric stenosis. In true life 
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situations, such pure geometrical patterns are rare and most 
stenoses are grossly eccentric. 
2.2.2 Measurement of Pressure and Flow 
In biological models of arterial stenoses, pressures 
are usually measured by cannulating an arterial side branch 
reasonably near the area of stenosis. An open-ended 
catheter is inserted in the side branch and advanced just 
short of protruding into the lumen of the parent artery so 
that it does not cause a disturbance of flow. The state of 
the art in terms of pressure measurements provides accurate 
readings well suited for experimental analysis. 
The measurement of flow rate is a bit more difficult. 
As we recall (Chapter 1) the thermostromuhr was the first 
instrument used in this type experiments on biological 
models of stenoses. Hot film anemometry is an accurate 
technique with excellent frequency response characteristics. 
The technique, however, is rather cumbersome in the living 
animal and introduces some flow field alterations by itself. 
The most common method and the one which we hold to be 
accurate and suitable is electromagnetic flowmetry, provided 
certain requirements are met for probe fitting, wetness of 
the probe-artery interface, electrolytic composition and 
hematocrit of the blood, and zero-flow determinations done 
with mechanical occlusions distal to the probe. This is the 
method which we used in our experimental model. It gives an 
accuracy of + 2% when the-above conditions are met. 
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2.2.3 Unsteadiness of the Preparation 
Unsteadiness is a major difficulty in experimentation 
when animal circulatory models are used. A common problem 
is the auto-regulation of the peripheral tissues which 
changes peripheral resistance and thus flow rates through 
the stenosis. Thus, a severe stenosis in the artery 
supplying a limb causes ischemia and vasodilatation in the 
tissues of the periphery; this in turn may cause changes in 
the blood flow rate and pressure in the vessel supplying 
that part. 
The respiratory cycle of the animal causes changes in 
heart rate, ventricular filling and cardiac output. These 
changes are present whether the animal is breathing 
spontaneously awake or anesthetized, or even paralyzed under 
anesthesia and ventilated with a mechanical device. 
In addition to those changes derived from respiration, 
there are continuous and progressive readjustments taking 
place during the experiment to respond to temperature, blood 
volume changes and other stimuli. Finally, the 
cardiovascular performance of an anesthetized animal is 
never normal (high peripheral resistance) and also varies 
with different types of anesthesia. 
In animal models, the estimates of the dimensions of 
the geometry of the stenosis must be confirmed by direct 
measurements because of the plastic and changing 
characteristics of the wall of the artery mentioned above. 
The problem is that in order to measure directly the lumen 
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size of the unstenosed portion of the artery, it is 
necessary to stop flow and section the vessel. This in 
itself changes the dimensions of the vessel (See our methods 
under 3.2.3 Measurement of the geometry of a stenosis). 
The injection of molding substances which can be cured 
in situ and allow cross-sectioning for precise measurements 
also has its problems. These substances have a high 
viscosity and it is difficult, if not impossible, to inject 
them at the same pressure that the artery has during the 
experiment. In addition, the curing of the substance inside 
the artery also alters the properties and the dimensions of 
the wall. 
2.2.4 Discussion of Animal Models of Arterial Stenosis 
This is briefly the most relevant experimental work 
done towards understanding the phenomenon of critical 
arterial stenoses. Although there is some apparent 
contradictory information, particularly in the 
interpretation of results, the basic phenomena involved in a 
"critical arterial stenosis" have been noted. 
Brice's (3) contention that a fixed value of cross- 
sectional area of 4.5 + 0.7 S. D. mm 2 is the critical one 
and is independent of the size of the unstenosed vessel is 
an unwarranted generalization of data collected in a 
particular vessel (carotid) supplying a bed with notoriously 
low resistance (brain). The precision of his measurements 
in vivo can also be questioned. 
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Those workers who tested vessels of different size 
leading into different peripheral beds with different 
resistance values noted that the critical value of stenoses 
did not correspond to a fixed cross-sectional area value and 
indeed varied widely when the following parameters were 
altered: (1) flow velocity of unstenosed vessel, (2) 
geometry of the stenosis, (3) size of the unstenosed vessel, 
(4) resistance of the peripheral bed and, (5) length of the 
stenosis. 
One point of misunderstanding, however, underlies all 
these experiments: it is . the concept that the restriction of 
flow and the pressure drops caused by a stenosis are due 
entirely to friction at the narrowed portion. As we shall 
see later the loss in the narrowed portion is minimal 
compare with the large energy loses that occur in the 
poststenotic segment. 
A valid criticism of the animal model is the fact that 
diseased arteries have different physical characterics than 
those of the healthy animal. The structure of the wall in 
diseased arteries is not as homogenous and uniform as that 
of a healthy animal. The inner lining of diseased arteries 
shows areas of gross irregulariites in the surface and the 
deposits of fibrous tissue and calcium make the wall stiff. 
Finally the idealized geometry of the stenosis in a 
model is usually that of an axysymmetric uniform 
constriction. This is hardly, if ever, the case of a 
stenosis in a diseased artery. Those experiments where the 
artery is constricted by the application of two blades which 
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can compress the vessel gradually by means of a screw 
device, result in a slit-like constriction also very 
different from those found in diseased arteries. 
Leaving aside the constraints above mentioned, mainly, 
the instability of the preparation and the difficulty of 
estimating the dimensions of the stenosis, animal models 
resemble fairly well the complexity of arterial flow in 
humans. 
The physical characteristics and mechanical behavior of 
the arterial wall and arterial flow have not yet been 
reproduced accurately in either physical or mathematic 
models. Experimentation on animals avoids these very 
complex problems of biological simulation. Among the most 
difficult are: simulation of the arterial waveform, arterial 
capacitance, collateral beds, arterial wall elasticity and 
the peculiar non-Newtonian behavior of blood. 
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2.3 PHYSICAL MODELS 
Physical models have specific advantages in the 
investigation of the flow mechanics of a stenosis. The 
variables of flow and geometry can be made to conform to 
known or solvable engineering solutions which in turn allow 
for mathematical analysis. This naturally implies 
simplifications and the conclusions of such experiments 
often result in solutions which can only be applied to the 
human situation with some restrictions. Nevertheless, 
physical modeling permits the careful analysis of the many 
variables involved as well as a ranking of their particular 
importance. This information is obviously essential to 
interpret properly the mechanics of an arterial stenosis in 
a human. 
One of the first choices in the design of a physical 
(hydraulic) model is whether to use a steady or unsteady' 
flow system. The former is simpler to handle both 
experimentally and analytically; the latter approximates 
better the situation in the living animal but is is far more 
complex. From the very first experimental work on the 
mechanics of a stenosis (Mann) it has been known that the 
results obtained with a gravity system differ from those 
obtained with a pulsatile pump. Gravity systems are 
constant-pressure systems; most pumps systems are of the 
constant-volume type. The situation in man approaches that 
of a constant volume system with both an overflow valve 
(diversion of flow through branches with less resistance) 
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and a capacitance chamber (elastic vessels) before the test 
segment. This capacitance system is what Otto Frank called 
the Windkessel, a mathematical model representing the 
elastic behavior of arteries by a single elastic chamber and 
where the rest of the vascular system is represented by a 
resistance through which all the flow of the chamber must 
pass. The basic equation for the Windkessel is: 
Qi _1 
dP P 
k dt R 
E 2.1] 
where Qi = inflow from heart, k= elastic modules of the 
chamber, P is the pressure in the Windkessel and R is its 
exit resistance. 
There are physical analogs to the mathematical concept 
of the Windkessel consisting of a constant volume pump 
(heart) operating in a cylinder having a constant outflow 
resistance and a storage reservoir such that part of the 
energy delivered during systole is stored and returns it to 
the circuit in diastole. This system, however, ignores some 
important aspects of the normal arterial layout which 
preceeds a segment with a stenosis such as a diversion 
circuit and a collateral system. The waveforms produced 
with this system are rather different from the input 
waveforms obtained in animals or humans. 
The main problems in working with physical models is 
their mechanical and biological dissimilarity with the 
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animal situation. For instance: 1) it is difficult to 
reproduce the mechanics of a heart pump, 2) the elastic 
properties of the arterial conduits are non-linear and 
difficult to imitate, 3) difficult reproduction of the 
alternate pathways normally available for blood diversion in 
the presence of a severe stenosis in an animal, and 4) lack 
of autoregulatory and feedback effects caused by the 
stenosis. 
Physical models, however, provide a very clear 
understanding of the important variables bearing on the 
effects of stenosis. Even after accounting for the serious 
modeling dissimilarities just mentioned, physical models are 
adequate in providing an understanding of the basic 
mechanics of a stenosis. This is shown not only by the 
close agreement found between the theoretical predictions 
and the results of the modeling experiments but also by the 
ability of the theoretical formulae to predict the effects 
of a stenosis in man. 
Young and Tsai (31) attempted a solution to the 
mechanics of a stenosis using a hydraulic flow model. Their 
first attempt was to sort out the most important hydraulic 
factors involved in the alterations of flow and pressure 
when a tube is constricted. For this first approximation to 
the problem the use of steady flow models seemed reasonable. 
All their studies were carried out in vitro and focused 
particularly on the pressure drop effects, the initiation 
and extent of the separated flow regions downstream from the 
stenosis as well as the initiation of turbulence. 
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Assumptions and facts in their model where: steady flow, 
Newtonian fluid (distilled water) rigid walls (polyester 
resin) and range of Reynolds number from 100 to 5000. They 
studied two types of stenoses: the ideal concentric 
axysymmetric one and the eccentric isolated protruberance in 
the wall of an artery. 
The use of the Reynolds numbers in these model 
experiments implies some approximations. Although 
classically Re=2300 is accepted as the Re number where 
transition to turbulence takes place, experimental 
conditions can vary this value considerably. Reynolds 
himself was able to maintain laminar flow up to values of 
Re=12.000 and Birkhoff (21) even up to 40.000. 
VDP Re = µ' where V: average velocity 
D: diameter 
p: density 
µ: viscosity 
since kinematic viscosity v = µ/p, Re: 
vD 
(and for a channel of any 
shape Re: 
4mV 
where 
m= R/2 =mean hydraulic depth). 
v for blood at 38 C=3.8 x 10-2 Stokes, 
v for water at 38 C=0.68 x 10-2 Stokes, thus*the 
critical Re for blood will be lower than for water. Coulter 
and Pappenheinmer (21) have determined the lower critical Re 
= 2.000 for blood. 
Young and Tsai specifically stated in their experiments 
on steady flow that their results could only be taken as an 
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approximation. Their Re number calculations were done in 
rigid tubes under steady flow conditions and using a 
Newtonian fluid (distilled water). 
At very small Reynolds numbers and mild constrictions 
the velocity distribution at the various cross-sections of 
the stenosis model was approximately parabolic. Young (31) 
had previously given a solution for the pressure drop across 
an axysymmetric constriction. Under this circumstance this 
dimensionless pressure drop varies inversely with the 
Reynolds number and is greater than that predicted by 
Poiseuille's Law. This pressure drop for flows in which 
viscous effects are dominant (low Reynolds number) can be 
written as: 
LiPv 
_ 
Kv 
pU2 Re [ 2.21 
where the constant Ky is a function of the geometry of 
the stenosis. - 
At high Reynolds numbers and as flow exits the throat 
of the stenosis, it enters into a sudden expansion of the 
geometry of the vessel where turbulence develops. Under 
these circumstances the most important cause of pressure 
loss is this turbulence. The pressure drop for such an 
expansion is 
z 
Apt 
_ 
Kt Ao 1 
pU2 7 A, 
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[2.3] 
Inasmuch as at low Reynolds numbers viscous effects appear 
to be dominant while turbulence effects predominate at high 
Reynolds numbers, a good first approximation to the losses 
through a stenosis could be made using the sun of the losses 
due to viscous and turbulence effects as'given by equations 
2.2 and 2.3. Thus: 
AP 
_ 
Kv Kt A,, 
_1 
s 
pU2 Re 2 A, [z. 41 
In Young's work, there was good agreement between this 
theoretical prediction and the results obtained with the in 
vitro model. 
These solutions apply to axysymmetrical stenosis. The 
same solutions are not applicable for the non-axysymmetrical 
plaque situation there the flow has complex three- 
dimensional patterns and thus amenable to a workable 
theoretical model. The conclusions to be drawn from the 
work of Young were: 
1) Three basic regimes of flow were observed. At low 
Reynolds numbers there was no separation and flow was 
laminar and unidirectional. At larger Reynolds numbers flow 
was still laminar but there was a zone of backflow. 
Finally, at high Reynolds numbers and beyond the separation 
41 
point flow was turbulent and the pressure drop became 
essentially a function of turbulence. It was also noted 
that the specific values of Reynolds numbers under these 
various regimes depended strongly on the geometry of the 
constrictions. 
2) The resistance to the constriction (stenosis) as 
measured by the drop in pressure was considerably higher 
than that predicted by Poiseuille's formula. The geometry 
of the stenosis, again, was an important determinant of the 
amount of pressure drop obtained. 
3) For any particular stenosis, geometry has much 
influence in determining what will be the critical Reynolds 
number at which a transition regime and finally turbulence, 
will develop. It appears that the localized turbulence that 
develops downstream is due to the unstable nature of the 
separated flow rather than to the turbulence which develops 
in a straight tube at Re 2000. 
4) The geometry of a stenosis is very important in 
determing the Reynolds number and thus the onset of 
turbulence. For the same percentage of lumen obstructed, 
axysymmetric stenoses caused less pressure drop than their 
non-axysymmetric counterparts. Given the many possible 
shapes for a stenosis, if only one parameter is to be relied 
upon, the percentage of lumen obstructed is the one which 
correlates best with the expected hydrodynamic effects for a 
particular flow rate. 
Young has also tried to ascertain the importance of the 
various hydrodynamic parameters in the effects of flow 
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through stenosis in unsteady flow models (32). The most 
practical choice for unsteady flow permitting the 
mathematical analysis of the, various hydrodynamic factors is 
to use a steady flow with a harmonically oscillating flow 
superimposed on it. This situation is not the same as that 
occurring in nature but it provides an acceptable model for 
its study as well as to observe the differences of flow 
through stenoses under steady and unsteady conditions. 
Using momentum analysis and equation 2.4 developed to 
calculate the pressure drop under steady conditions Young 
recalculated the drop in pressure in unsteady conditions as: 
Opa Kv µU+Kt 
[. 
_i]2 D2A, 
X 
P/U/U + KpPL 
dU 
dt 
[2.51 
where coefficients Kv and Kt were obtained from the steady- 
f low test and Ku 1.0 
Under unsteady conditions the same three basic regimes 
of flow that were noted in the steady flow experiments were 
observed: laminar unidirectional, separated laminar and 
turbulent flow. In unsteady conditions, however, the 
existence of these regimes was time-dependent and thus all 
three could be observed at certain times during one cycle of 
flow. While equation 2.5 could predict the drop in pressure 
across the stenosis, the theoretical and experimental 
results agreed only within 20% of the values. Disagreement, 
however, could be corrected partially by empirical 
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adjustments of the various coefficients used. 
As expected, whenever the instantaneous Reynolds number 
exceeded a critical value at any given moment during the 
cycle, turbulence developed. When this acceleration 
decreased flow returned to the laminar condition until in 
the next cycle the acceleration again increased and the 
turbulence reappeared. 
Young and Tsai determined their critical Reynolds 
number in these unsteady flow experiments by bracketing the 
various Re determinations between those values where hot- 
film anemometry showed no turbulence and those where it did. 
Interestingly enough in the mild stenosis models (with 
minimal constriction) the critical Reynolds number was 
considerably larger in these experiments under unsteady flow 
than in those done under steady conditions. The initiation 
of turbulence was apparently retarded by pulsatile flow. 
These differences were not quite so marked in the model with 
the more severe constriction. These findings are in 
disagreement with those published by MacDonald (21) who 
found that in oscillatory flow disturbances occur earlier 
than in steady flow preparations. MacDonald and others have 
used the non-dimensional parameters a=R 7w/v 
where t  angular velocity 
v= kinematic viscosity 
to characterize kinematic similarities in'liquid motion. 
The a parameter relates to Strouhal and Reynolds numbers 
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as follows = 
where St. - Strouhal number 
a2 = R2 
2nf 
= 7rRe. st. 
Re- Reynolds number 
v. From the 
experiments of MacDonald all that can be said about the 
frequency of oscillation is that it has some significance in 
determining the "effective" Re at which transition will take 
place. Young and Tsai (32) in their paper do recognize that 
there is an influence of a as well as of Un/Us 
where Un: amplitude of periodic component of cross-sectional velocity 
Us: steady component of cross-sectional mean velocity 
on the critical Reynolds number but this relationship is not 
expressed in their work. 
An inescapable conclusion is again that the stenosis 
geometry is very important in the quantitative prediction of 
the hydrodynamic phenomena. Equation 2.5 was found suitable 
to predict with similar accuracy the expected losses in both 
axysymmetric and non-axysymmetric models. Young concluded 
that under unsteady flow conditions, this equation allowed 
the characterizations of the following dimensionless 
parameters 
IV= Ky Rep 
it a2 
Aý 
1 (with Kt = 1. Q ) A, 
lum TL 
UnUpi (with Ku =1.0) 
IV is an index of viscous affects where Kv 
dependent on the geometry of the stenosis. It 
is a constant 
is an index 
of the importance of the non-linear term in equation 2.5. 
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Its presence is due to the convective acceleration which' 
causes separation and turbulence. IU is an index of 
inertial effects. The ratio 
Un 
T 
represents peak acceleration (ac) Thus 
lu = L" Ac/Up2 
where Up is the peak value of cross-sectional mean 
velocity Up = Us + Un US 'being the steady 
component of cross-sectional mean velocity and Un the 
amplitude of the periodic component of cross-sectional mean 
velocity. These parameters can be used-to estimate the 
relative importance of viscous effects, separation and 
turbulence, and unsteadiness. 
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2.4 MATHEMATICAL MODELS 
The first mathematical models producing pressure and 
flow curves comparable to those obtained in animals have 
only been possible in the last decade with the advent of 
fast computers and advanced mathematical techniques. 
Mathematical modeling has been used mostly to study short 
segments of the arterial circulation and particularly those 
segments that have a specialized role. Thus, the Windkessel 
of Otto Frank represented the behavior of the large elastic 
vessels; other models describe the perfusion and diffusion 
mechanics of the microcirculation. The syntheses of a 
complete circulation is still on the first stages and is an 
exceedingly complex mathematical task. 
In the study of the mechanics of arterial stenoses, 
various empirical and analytical models have been 
constructed which can produce results that simulate roughly 
the conditions as observed by experiment. 
The earliest attempt to define the mechanics of flow 
through stenosis originate from Hagen, a German engineer, 
and Poiseuille, a French physician-physicist raised during 
the Restoration period. 
Hagen published the results of his experiments in 18397 
and Poiseuille's first papers appeared in 1840.. Both 
authors arrived at similar conclusions independently. Their 
formulation describes the flow of liquids through small 
tubes in terms of pressure, radius, length and viscosity. 
It is intriguing why this formulation has become known as 
Poiseuille's equation and not as Hagen's. Perhaps this 
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happened because Hagen used rather awkward units of measure 
or because Poiseuille's work reached a wider audience 
through the publication support given to him by the French 
government. 
The Hagen/Poiseuille equation has been quoted 
extensively in physiological and clinical books to describe 
the effects of narrowing an artery upon the pressure and 
flow through it. Many authors have shown that Poiseuille's 
equation is inappropriate for the purpose for solving the 
mechanics of an arterial stenosis, but these objections have 
largely been ignored. Poiseuille formulated his equation as 
pertaining to the laminar flow of water through capillary 
tubes of even diameter. It should not be expected that such 
a law would hold properly for a non-Newtonian fluid like 
blood under conditions of non-laminar flow and where the 
change in radius occurs in such an abrupt manner as in a 
stenosis. 
The equation of Poiseuille is usually represented in 
the manner in which it was derived by others (Wiedeman 1856 
and Hagenbach 1860) as: 
Q_ (P, - P2)TTR4 8Lµ 
[2.61 
where Q= flow, P= differential pressure at the two 
ends of the tube, r= the radius of the tube, µ= 
viscosity of the fluid and, L= length of the tube. 
48 
This derivation of Poiseuille's law assumes a parabolic 
velocty profile (as would be expected under conditions of 
laminar flow) and the calculation of Q is that of the volume 
of the paraboloid which has this parabola as its profile. 
Several investigators such as Byar (4) and others have 
shown by physical modeling the inability of Poiseuille's 
equation to represent the conditions of flow across a 
stenosis, an inference that could have been guessed by the 
important theoretical objections to its use as a stenosis 
model. 
In his work criticizing the application of the law of 
Poiseuille, Byar (4) created an empirical mathematical model 
constructed by making a large series of flow and pressure 
determinations across various stenosis for various 
hematocrit values and for the various diameters of the tube 
and of the stenosis. He then plotted them on log-log paper 
and defined the equation of the line which defined this 
relationship. 
Byar described this equation as 
log AP =b log f+a (2.71 
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or 
AP = Fb " 10a 
thus 
F= AP/10a 
[2.8] 
where P is the differential pressure across the stenosis, F 
is the flow through the lumen in mm per minute, b is the 
slope of the curve and [a] is its intercept as calculated 
from b, F, and P. This empirical model has little use 
in practice since some of these variables are related to a 
combination of factors. Thus, the slope b of the plot 
is related to the viscosity of the fluid in some manner and 
the intercept value a is related to the size of the 
lumen (degree of stenosis) once the viscosity is specified. 
Byar recognized this and noted in the discussion of his 
paper that his formulation indeed could not be used to 
calculate flow in a human artery with a stenosis but it 
would simply give a much closer approximation then the 
misused Poiseuille equation to the magnitude of the effect 
of altering diameter and length of a stenotic segments as 
well as altering viscosity and differential pressure. 
Empirical models partly based on Poiseuille's euation 
have been proposed by others. May (22,23) described the 
pressure loss at the stenosis from Poiseulle's Law as 
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2 
L L1 PS= A' " ý/, . 
82 
AS R, 
[2.9] 
where AP5 is the pressure drop contributed by the 
narrowed segment, A, the cross-sectional area of the 
unstenosed vessel, As the cross-sectional area of the 
stenosis, V, the blood velocity in the prestenotic 
segment, is viscosity, R: radius of unstenosed 
lumen and L: length of stenosis. 
For entrance pressure head loss May used data derived 
from the determination of loss of pressure head at the 
entrance of capillary viscosimeters. The pressure 
(contraction plus stenosis) loss now will be 
Z 
OPS + APC = 
Al 
. As . 
8L(L+ 
F- ) AS R, 
where the value of E 
equal 
1/s 
F=0.6R, A, 
[2.101 
has been found experimentally to 
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[2.11] 
22 -1/2 
and OPC = 
A' 
" ý/j .. E= 
IA1 
" V, "(8µ)(0.6) 
R'z 
" 
(A1\ 
As R, 2 
(AS) 
R, AS 
The contraction component alone can therefore be 
expressed as 
1 1/2 
A, V, 2.121 AS R, 
The pressure head loss of sudden expansion is taken by 
LOPE = PV12 (2.13] 
(As 
where p : density and APE is the pressure loss 
contributed by sudden expansion. 
The total pressure drop across a stenosis (APs+APc+OPE) 
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is then: 
DP°APS+OPC+OPE 
Z, 1/2 2 
8[iLV , +4.8}ýV 
(A1\ 
+PV12 
A, t2.14 
R, 2' AR, ' 
(AS) 
cc) 
As we shall later, (See 3.2.6) the derivation of 
equation 2.13 is unclear and does not agree with 
conventional hydraulic concepts. 
Guida (12) and associates developed a mathematical 
model of a stenosis in which the artery was considered to be 
rigid and had a sharp area of stenosis. By using a 
combination of momentum balance equations and the Bernoulli 
Theorem as well as the addition of two empirical terms to 
represent the sudden contraction and sudden expansion and 
they evolved a formulation which they represented as 
Q2 
[(1_B)2 
. 45 
(1_B) 
2B2 +2 B2 
+ 
2RLQ 
_ 
K1Ao2 (pl _p p 
On 0 
where Q is the volume flow rate, R is resistance to flow and 
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p is density of blood. B -A and A is stenosis 
0 
cross-sectional area, AO is cross-sectional area of 
unstenosed vessel. P, is pressure in and P5 is pressure 
out. From this mathematical model, they developed a 
computer program which can in fact illustrate the most 
important changes in hemodynamic variables as changes in 
stenosis and flow velocity take place. 
Their computer model generates curves which are 
somewhat similar to those obtained by physical 
experimentation. Through manipulation of variables in their 
model one can gather an idea of the relative importance of 
their effects. The formulation however does not help in 
anticipating the presise effects of a stenosis in the flow 
through a specific human artery. 
CHAPTER 3 
MODELING OF ARTERIAL STENOSIS 
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SYNOPSIS: CHAPTER 3 
This chapter describes our theoretical and experimental 
approach to the question of a "critical" arterial stenosis. 
The problem is first approached by elementary theoretical 
considerations on the relationship between kinetic energy of 
the flow stream and the geometry of the stenosis (3.1.1). 
These considerations lead to central a point in the 
understanding of the mechanics of a progressive stenosis: 
the exponential (and mostly irretrievable) transfer of 
energy to the 'kinetic compartment' at the throat of the 
constriction. 
Since the precise computation of kinetic energy is most 
important in our considerations, we discuss (3.1.1.1) the 
theoretical errors derived from the use of space and time- 
averaged values of velocity to compute kinetic energy and 
calculate the magnitude of these errors in the concrete case 
of pulsatile arterial flow. 
Next the hydraulic head losses involving contraction, 
wall friction and expansion of a stream are discussed 
(3.1.2) to build an eclectic model (3.1.3) of the mechanics 
of flow through stenosis drawing from hydrodynamic and 
hydraulic considerations. 
Our experimental work with this model (3.2) is 
preambled by an effort to visualize and photograph the 
sequence of flow disturbances involved by means of a 
modified Hele-Shaw plate (3.2.1) constructed for this 
purpose. 
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Our animal experiments require precise computations of 
the geometry at the constriction since, as mentioned before, 
a central point of our argument lies in the computation of 
kinetic energy at high degrees of stenosis where very small 
area changes in the latter result in exponential increases 
of the former. In order to validate our determinations we 
discuss in some detail (3.2.2) our triple approach of 
casting, microscopic and X-ray dye techniques to obtain 
these measurements. A description of our constricting 
devices follows this. 
The determination of pressure and flow data in our 
model (3.2.3 and 3.2.4) is described in detail although no 
effort in made to discuss the theoretical basis of these 
techniques used and validated for many years. We discuss, 
however, theoretical considerations which are relevant to 
the specific animal preparation that we used. 
On 3.2.5 our experimental results are discussed and we 
establish the validity of our theoretical model. Having 
done this we review apparent and real disparities (3.2.6) 
with previous work done in this field and identify some 
sources of erroneous interpretation of previous theoretical 
or experimental models. 
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3.1 THEORETICAL CONSIDERATIONS 
3.1.1 Kinetic Energy and the Area Ratio of the Constriction 
Our approach (2a) will be to describe the circulatory 
phenomenon in terms of its cause: energy gradients causing 
blood mass displacements from a high to a low energy point. 
The traditional proposition that blood flows from a high to 
a low pressure point is only a specific case of the above, 
more general proposition. 
Recalling briefly. that the total energy Et in a unit 
weight of blood can be expressed as the sum of three 
components 
Et =h+ V2/2g + P/Y [3.11 
where the term [h] is the gravitational potential energy, 
V2/2g is the kinetic energy Ek and P/Y is the lateral 
pressure of energy [Ep]. In as much as we shall be 
considering vessels in horizontal position the gravitational 
component [h] can be neglected. 
To calculate the total energy across an arterial 
segment, all we need to know is the geometry involved, and 
the values of the systemic pressure [P) and its bulk 
velocity [V]. The pressure [P] can be measured directly and 
the velocity [V] can be obtained from the volume flow rate 
[Q], since V= Q/A. These data [P, A] can be measured in 
both the pre (P,, Vl) and post (P2, V2) stenotic segments, 
from where the values of [P] and [V] at the stenosis 
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Figure 3.1: Schematic representation of the stenosis model with the 
three segments under consideration. Segment 1 or prestenotic segment, 
segment S or stenotic segment and segment 2 or poststenotic segment. 
Flow direction is from 1-2. 
Se m¢ýt 
1 
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site (PS, VS) can be computed once the geometry of the 
arterial segment is known. 
Let us consider (Fig. 3.1) a continuous arterial 
segment of known geometry which is divided into three 
sections, 1 (pre-stenotic), S (stenotic) and 2 (post 
stenotic). The velocity at the stenosis (Vs) can be 
computed as follows: 
Q, = A, V, 
Q[3.2] 
S 
ASVS 
A, _ As = Tr(r, 2_ rs2) = AA 
[3.3] 
from [3.2] and [3.3]: 
U 
Qs 
- 
(Asý(Vs 
6 
ý1- AAý US 
solving for Vs: 
Vs = V, 
1=V, 1 
Tr-s - ri A, 
60. 
substituting for w= rs/r1 
VS =V1. (d2 [3.41 
From the value of Vs, the corresponding value of kinetic 
energy at the stenosis [Eks] can be derived since: 
12P3 EkS =2 mVS 
[Eks 
=2 ASVS 
P3 Ek, =2A, V, 
where p is the density of the fluid 
Eks. AV 
Ek, A, V, 3 
and substituting by [3.4]: 
Eks 
_ W-4 Ek, 
[3.5] 
Fig. 3.2 is a graphical representation of this function 
which states that the ratio of kinetic energy in the 
stenosed segment Eks to kinetic energy in the prestenotic 
segment) Ek, is a fourth power function of the decrease in 
the radius of the vessel. The theoretical errors that may 
be incurred in the computation of kinetic energy from mean 
velocities as opposed to doing so by differentiation of 
elements are discussed below. 
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Figure 3.2: Graphic representation of the ratio Eks/Ekl plotted vs 
the ratio of radi (w). 
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Figure 3.3: Close-up of the Loop Constrictor in place around the 
femoral artery of a dog. 
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Let us assume a stenosis of minimal length whose 
physical approximation could be the constriction caused by a 
tight suture around a vessel (see experimental device in 
Fig. 3.3). If we now plot the ratio Ekg/ Ek, for this 
constriction, versus the values of w (that is the ratio 
of radii) we obtain the curve displayed in Fig. 3.2. Due to 
the effect of the fourth power function, a sharply 
increasing amount of kinetic energy is required to "carry" 
the flow through the stenosis Eks . Now, the total energy 
in the stenosis segment EkS + Eps cannot be greater than 
the energy in the prestenotic segment; thus, if Eks is 
increased, then Eps must decrease. Hence a drop in lateral 
pressure energy is inevitable as the kinetic energy through 
the stenosis increases. In fact, as w---O ,a great deal 
of pressure energy Ep must be converted at an accelerated 
rate into kinetic energy in order to maintain flow through 
the stenosis. 
Evidently, as the demand for kinetic energy in the 
stenosis increases with progressive reduction of the 
stenotic area, a point will be reached when the remaining 
pressure energy can no longer meet the demand. At this 
point the flow through the stenosis will have to "slow 
down". This also implies a decrease in velocity at the 
prestenotic segment, AVG , and hence a decrease in the 
flow rate L1Q2 . 
Normally, the fraction of energy being used as kinetic 
energy in a peripheral medium-sized artery is rather small 
and less than 1% of the total energy during peak systole. 
Total 
Energy Ej 
Ep+ Ek ) 
Ek 
Figure 3.4: 
not generate 
from one form 
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According to the Bernoulli principle, an ideal fluid will 
a pressure drop across a stenosis but a transfer of energy 
to another. 
:k 
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As the stenosis progresses, the graphic representation of 
the function EkS/Ekj- Cd4 (Fig. 3.2) shows that Eks has to 
rise considerably before its magnitude becomes appreciable 
(Ek being originally so small. ) From this point on, as Eks 
increases drastically at an exponential rate, a 
correspondingly speedy fall in pressure and flow will occur. 
According to the Bernoulli principle (Fig. 3.4), an 
"ideal" fluid will not generate a pressure gradient across a 
stenosis but a transfer of energy from one form to another 
Ep1 Eks-*- Ep2 
However, the simple fact that in a viscous fluid flowing 
through a tight stenosis, an otherwise laminated flow gives 
rise to a turbulent jet, (which is later dissipated in the 
distal stream as sound and heat) indicates that energy must 
be lost in the process. That blood flowing through a tight 
stenosis results in a turbulent jet which quickly dies out 
in the distal segment is beyond doubt: this phenomenon can 
be observed with the naked eye and, more precisely, with 
high speed cinematography. 
3.1.1.1 Errors introduced by Space-averaged and Time- 
averaged Values of Velocity 
The values of velocity in a cross-sectional plot of an 
artery vary widely. The velocity profiles observed in 
arteries do not correspond to either pure laminar 
(parabolic) or pure turbulent (flat) flow modalities. 
During each cardiac cycle the high-shear region near the 
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wall responds much less briskly to the acceleration and 
deceleration forces than the central, larger, axial stream. 
When using space-averaged values of velocity the 
assumption is made that the velocity profile is flat, a 
situation that has not been observed in the human 
circulation. The errors inherent in this assumption of a 
uniform mean value of velocity across the cross-sectional 
area of an artery are compounded exponentially when kinetic 
energy values are derived from this space-averaged 
velocities. The computation of this error is discussed 
below under 3.1.1.1.1. 
Another, though far less important, source of error is 
the fact that the curvature and branching of arteries 
creates helical patterns of secondary flow which result in 
most velocity profiles not being axysymmetric. 
A similar type of consideration has to be made with 
respect to the use of time-averaged values of velocity in 
pulsatile arterial flow. The wide time-dependent 
oscillation of velocity superimposed on its time-averaged 
value may result in errors in the computation of kinetic 
energy greater than an order of magnitude. This is 
discussed in detail under 3.1.1.1.2 below. 
The complexity of the analysis of this errors is 
further augmented by the fact that the discrete values of 
velocity as a function of space and time change 
continuously. 
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3.1.1.1.1 Errors Introduced by the Assumption of a Flat 
Velocity Profile 
Considering steady flow, the weight of the fluid that 
passes through a cross section of the vessel in unit time 
equals Y Q; Q: discharge, Y(specific weight) = pg . 
The true average kinetic energy over the cross-section 
of the vessel, expressed in K. E. per unit weight would be: 
[3.6] 
l Vs dA 2JQ A 
Comparing this equation with the conventional way of 
computing kinetic energy: 
V2/2g 
we have: 
[3.7] 
(3.10] 
1 
29QJA VS 
3 dA 
29QJA VS dA 
IA 
VS 3 dA 
V2/2g s V3A/2gQ s V3A 
a 
This ratio a between the true value of the kinetic 
energy and and the value of the kinetic energy computed by 
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using the average velocity V=Q /A is called the 
"coefficient of kinetic energy". This coefficient will be 
larger than 1.0 unless the velocity is uniform across the 
entire cross-section. In steady laminar flow (parabolic 
distribution) the value of a=2.00, while for turbulent 
flow in a smooth pipe a=1.06. Hence, the error 
involved in using the space-average value of the velocity in 
the term V2/2g for computation of kinetic energy amounts 
to 6% in fully developed turbulent flow and to 200% in 
laminar flow. 
3.1.1.1.2 Error Introduced by Using the Time-averaged Value 
of Velocity (V) for the Computation of Kinetic Enerqy 
Assuming now a flat flow profile, the true time-average 
of velocity in unsteady flow is: 
V= +j'itcit 
T being the time period over which the average is taken. We 
have then, 
4 
z 
V2 
I+ 
TVtdt] Ek ° 2g s 2g 
[3.11] 
The true average kinetic energy can be calculated from the 
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velocity recordings (as functions of time) by considering 
small inccrements of time (dt) when the instantaneous 
velocity is v(t). The volume of fluid that passes through 
the vessel cross-section cross-section in this period (dt) 
is Q= AVtdt and its weight: YAVtdt 
Kinetic energy per unit weight in this time period will 
2 
be V /2g and the kinetic energy of the total fluid 
weight passing through the cross-section will be: 
z Vt (aAVtdt) =P AVt3dt 2g 2 
which over a long period of time (T) will equal: 
2 
fT 
AVt ' dt 
The time averaging Ek per unit weight will be: 
fT/tCt 
o1 
Y 
fT 
AVtdt 
2g 
fT 
Vt'dt 
f1Vtdt 
[3.12] 
[3.13] 
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comparing the values from equations [3.11] and [3.13]: 
[3.14] 
ý 
fT''tdt 
2g f Vtdt 
s 
2gT' LJ TVtdt1 
ITVtdt 
t] 
3 
T' 
[JTUtd 
at 
We shall call at the "time coefficient of kinetic 
energy". Its value depends entirely on the waveform. 
Considering arterial blood flow, the errors involved in 
computing kinetic energy values by using its time-averaged 
velocities Vt are greater than those involved in using the 
space-averaged velocities Va . In space-averaged 
velocities, the largest possible error in computing kinetic 
energy values would be in the case of a parabolic flow 
profile (laminar) when the true kinetic energy value would 
be 200% higher than the estimated assuming the same average 
velocity for the entire cross- section. It is doubtful that 
a true parabolic profile ever exits in arterial blood flow 
and, if it does, it could only occur in certain locations 
and for a short period in each cardiac cycle. 
The errors involved in using time-averaged velocities 
for the computation of kinetic energy values are of greater 
magnitude. In certain physiological waveforms we have found 
the true values of kinetic energy to be over 1.000 % higher 
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than those obtained by computing kinetic energy from 
recorded time-averaged velocities. 
In this study we have computed the kinetic energy 
values froin differential time elements in the waveform 
according to equation 3.13. We have assumed a flat velocity 
profile. The reason for this lies in the difficulty of 
plotting the flow profile through the stenosis and in the 
fact that, as the stenotic area decreases, we are dealing 
with a turbulent jet in which the coefficient of kinetic 
energy must approach the 1.06 value. 
In fact, in the range of very small areas of stenosis, 
the errors incurred in the computation of kinetic energy 
depend more on the difficulty of estimating with accuracy 
the cross-sectional area of the vessel, than in time or 
space-averaged-velocity distributions, for the flow becomes 
a turbulent jet (flat profile), and the velocity wave is 
damped and approaches the configuration of the time-averaged 
velocity tracing. 
In detailed haemodynamic studies, it may be necessary 
to consider both the space and time distributions of 
velocities simultaneously. The basic mechanics are provided 
in equations 3.10 and 3.14 and the computations can be 
carried out by double integration over both space (A) and 
time M. 
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3.1.2 Application of Conventional Hydraulic Principles to 
the Problem of Stenosis 
Normally, in a continuous conduit having a contracted 
segment, the transfer of lateral pressure energy to kinetic 
energy in the contraction Ep, Eks is made with 
relatively little energy loss. Conversely, the transfer of 
kinetic energy to lateral pressure energy Eks-*-EP2 at the 
expansion of a conduit is a very expensive one in terms of 
energy. Energy is lost in the expanded area by the 
formation and maintenance of vortices and in providing the 
viscous drag which slows down the jet. These energy losses 
are usually accounted by as contraction loss he and 
expansion loss he as the fluid enters and leaves the 
stenosis respectively. 
3.1.2.1 Expansion Loss 
Energy loss due to sudden expansion has a common place 
in hydraulics where for the particular case of suden 
expansion in a pipe the following formula is used: 
(Us -V h 2)2 e 2g 
[3.15] 
This equation is used in hydraulic engineering where flow in 
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pipes is generally considered to be under turbulent 
conditions. In our case where a high speed jet discharges 
into a relatively slow moving fluid mass (poststenotic 
segment) the use of this formula seems to be justified. If 
we now insert this term he (eq. 3.15) into the continuity 
equation derived from Bernoulli's principle: 
Ps/Y +V 2/2g = P2/Y + V22/2g + he 
we have: 
PS /Y + VS2/2g - P2/Y + V22/2g + VSG/2g - V22/2g - 2VSV2/2g 
thus 
PS /Y = Pz/Y + V22/g - VSV2 /g [3.16] 
Neither in this work nor in the data from Fry is there any 
I 
evidence to suggest that the loss in lateral pressure energy 
that occurs at a stenosis is regained in any substantial 
amount in the post-stenotic segment. 
PS/Y = P2/Y 
and therefore the term Vz - VSV2/g 
In other words: 
in equation [3.16] 
must be very small. For practical cases, this means that 
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the lateral pressure energy at the stenosis is approximately 
the same as the lateral pressure energy in the post-stenotic 
segment Eps = EP2 Thus, the kinetic energy involved in 
carrying the flow through the stenosis is lost at the sudden 
expansion in the formation and maintenance of local 
turbulence (it is possible, however, that in an elastic 
system, such as an artery, a small amount of pressure 
recovery could occur). The conventional representation of 
the increase in lateral pressure energy at the post- 
stenotic segment does not really apply to turbulent viscous 
flow, which is the case of a critical arterial stenosis. 
The loss in lateral pressure energy that occurs at the 
stenosis is mostly non-recoverable in the post-stenotic 
segment. 
3.1.2.2 Contraction Loss 
The energy loss due to a sudden contraction in a pipe is 
usually much smaller than the corresponding expansion loss. 
There is also a common hydraulic formula for this loss. 
q 
hc = 0.5 Vs 2g [3.17] 
This empirical formula however is not applicable to our 
problem because: 1) the flow condition proximal to a 
stenosis in an artery is quasi laminar, while the hydraulic 
formula is the result of experiments performed in turbulent 
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pipe flow. At the inlet of the stenosis most of the 
contraction loss occurs in the boundary layer, the 
characteristics of which will vary greatly between quasi 
laminar and turbulent flow conditions; 2) this hydraulic 
formula is commonly used to calculate the contraction loss 
in water pipes. The geometrical reduction in area that 
occurs in water pipes is, in practical terms, of much lesser 
magnitude than the one under consideration here: a critical 
stenosis. 
3.1.2.3 Friction Loss Through the Stenosis 
The pressure drop or flow decrease in a stenosis is 
also known to be a function of its length. It is primarily 
the result of friction forces that develop between the 
moving fluid and the wall boundary. For a steady flow 
system-laminar or turbulent-this loss of energy through 
length is expressed by the Darcy-Weisbach formula: 
h_fL V2 [3.18] 15 2g 
76 
Total Energy (Et) 
EP 
1 Total ,+ Energy 
Ek 
= -1: 0: ---- M 71ý7-7-:: 
11 
Rs = R, 
(no stenosis) 
Z=== Z ====- 0, 
Rs =0.8 R, 
7N 
Rs = 0.6 R, 
Rs=0.01 R, 
(almost totally) 
Occluded 
Rs 0.2 R, 
Rs ý-0.4 R, 
Figure 3.5: Representation of the increase in kinetic eneray with 
progressive constriction of a vessel. 
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M being a coefficient (Darcy-Weisbach resistance 
coefficient) that vari-es with the Reynolds number, W 
length of the segment (in our case, the length of the 
stenotic segment) , (D) diameter of conduit and V2/2g the 
kinetic energy per unit weight of the fluid flowing through 
the segment under consideration. 
Thus in a stenosis this friction loss will be directly 
proportional to the length and to the kinetic energy of the 
of the blood flowing through it, and inversely proportional 
to the diameter of the vessel. The graph of energy loss as 
a function of the length of the stenosis, can therefore be 
anticipated to be a curve whose slope will become steeper as 
the internal radius of the stenotic area under consideration 
decreases. 
3.1.3 An Ecclectic Model 
For the time being, and in order to keep our model as 
simple as posible, we shall consider continuous, uniform 
flow through a horizontal artery. Fig. 3.5 represents 
schematically the pressure and kinetic energy changes for 
various degrees of stenoses. As flow enters the orifice of 
the stenosis there is a small amount of energy loss and a 
sudden transformation of lateral pressure energy into 
kinetic energy as the velocity of flow is briskly increased. 
This transfer of lateral pressure energy into kinetic energy 
in the narrow portion of the vessel results in a lateral 
pressure energy drop (Fig. 3.6). The lateral pressure 
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Figure 3.6: Graphs showing the increase of kinetic energy with progressive 
constriction at stenosis site and the drop in lateral pressure energy in 
the poststenotic segment. Note the symmetry of both curves. 
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is diminished in the stenotic portion where flow is fast. 
The fast moving, high kinetic energy jet enters then 
the slow moving fluid in the post-stenotic segments and 
generates vorticity just as a stream would do when entering 
a calm lake. The important point here is that the lateral 
pressure energy that was transformed into kinetic energy to 
"carry" the flow through the stenosis is not recovered as 
lateral pressure energy in the poststenotic segment but is 
dissipated in the generation and maintenance of vortices. 
Since most of the kinetic energy that was added to the 
flow through the stenosis is dissipated in vorticity in the 
post-stenotic segment, the lateral pressure energy in the 
stenosis should be nearly the same as lateral pressure 
energy in the post-stenotic segment (Fig. 3.6). In fact, 
no recovery of pressure is measurable in the poststenotic 
segment under experimental conditions. The energy spent in 
the generation and maintenance of vortices is later 
dissipated as sound (murmurs, bruits) vibrations of the wall 
(thrills), and heat. 
In conclusion, to discuss the problem of fluid flow 
through a narrow tube we have drawn information from two 
sources: on one side from mathematicians who developed 
theoretical hydrodynamics, (such as Bernoulli) and on the 
other from hydraulic engineers who found useable solutions 
to practical problems where the viscosity effects 
disregarded by mathematicians (dealing with ideal fluids) 
were taken into account. 
Parts of both interpretations are very useful in the 
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understanding of the mechanics of an arterial stenosis. 
Transfers of energy such as the conversion from lateral 
pressure to kinetic energy are clearly explained in 
Bernoulli's theorem. The utmost importance of the expansion 
as the largest contributor to the energy loss in a stenosis 
is best represented by the empirical formulae derived from 
experiments carried out by hydraulic engineers with flow 
through pipes. 
q 
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3.2 EXPERIMENTAL WORK 
3.2.1 Visualization of Flow Throuqh a Stenosis 
Having understood the mechanics of stenosis from a 
theoretical standpoint as discussed in the eclectic model 
mentioned above it is now necessary to see whether the 
experimental data obtained in the living animal corresponds 
to the theoretical predictions. I 
Before getting on with animal experiments, we thought 
it would be useful to attempt a visualization of the fluid 
motions involved in flow through a stenosis. 
Direct visualization of the phenomena involved in an 
arterial stenosis can be done by using tri or bidimensional 
flow models. Three-dimensional flow models are made of 
clear rigid conduits (e. g. glass pipes) and the patterns of 
flow motion are usually outlined by dye added to the flow 
stream. A detailed visualization in a three-dimensional 
model is difficult because the third dimension (depth) 
usually obscures the pattern of formation of vortices in the 
zone of flow separation as the channel suddenly expands. 
Two dimensional flow models are based in the flow plate 
described by Hele-Shaw in 1898. The principle of a Hele- 
Shaw plate is that by diminishing to the limit one of the 
three spatial dimensions, one can avoid mixing between the 
various layers of fluid. As shown in Fig. 3.7 in order for 
two elements A&B of a fluid to mix they must interchange 
position and in order to do so, one must be displaced on top 
of the other. 
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Figure 3.7: In order for two fluid elements A&B to mix, they must 
interchange position and in order to do so, one must be displaced 
on top of the other. 
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if this last possibility'is limited by reducing drastically 
the height of the conduit, mixing will not occur. Because 
there is no mixing, one can add to the stream of flow 
various thin streams of dye which will act as indicators for 
the various laminae of flow. In fact what is accomplished 
is the squashing of the vessel to the limit in such manner 
that the cross-sectional area of the vessel is now converted 
approximately in the diameter or width of the resulting 
channel: The three-dimensional model has been approximated 
to a bidimensional one. It is obvious that the principles 
of geometric and dynamic similarity do not apply here, thus 
only qualitative but not quantitative information can be 
obtained. 
By varying the thickness of the template that separates 
the two halves of the channel in the Hele-Shaw plate one can 
allow for turbulence formation. The flow separation zones 
are also clearly seen. 
We constructed a Hele-Shaw plate from two large heat- 
cured blocks of Lucite. The top plate consisted of entry 
and exit port and an indicator delivery system. The entry 
and exit port were made by milling 2 slots through the plate 
and capping them with a Lucite housing (see Fig. 3.8 & 3.9): 
The fluid inlet was connected to the inlet housing by ' 
12 mm plastic tubing, The indicator supply system was made 
by drilling 20 holes through the blocks, embedding a #20 
gauge needle in each hole and securing it with epoxy resin. 
The needles were then ground to within 0.2 mm of each 
surface of the plate. An indicator supply housing was then 
84 
cemented over the inlet ports of the needles. 
Templates of various configurations were made of 
synthetic rubber 0.4 mm and 0.8 mm thickness. These two 
templates were placed in between the two halves of the 
plate. The two halves of the plate were held by 20 pressure 
clamps to avoid leakage. 
The Hele-Shaw plate was fed from a constant-height 
gravity reservoir. The experimental flow channel had a 
funnel-shaped mixing chamber where 20 ink streams separated 
at regular intervals were added to the inflow stream. India 
ink in thin suspension was used as dye and it was also fed 
from a gravity constant-height reservoir. The end of the 
flow channel contained a side trough through which both 
water and indicator drained. 
Water at 210 C was used for these experiments. Two 
types of cut templates were used: thin ones with a height of 
0.4 mm for flow where mixing was to be avoided and plates of 
0.8 mm for those experiments where turbulence observation 
was desired. 
The plate was mounted on a luminous screen provided 
with background fluorescent illumination so that the 
patterns could be photographed from above. The rate of floý 
of water through the Hele-Shaw plate was regulated by 
changing the height of the gravity reservoir. 
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The plate was leveled horizontally and prior to any 
experiments it was carefully debubbled. The velocity of 
flow in this particular model is proportional to the 
separation between the indicator lines which can be easily 
observed and measured. 
I 
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Figure 3.8: Schematic drawing of Hele-Shaw plate. 
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Under conditions of low flow through the stenosis model 
and when using a thin sheet of water, the contraction, 
acceleration and post stenotic expansion of flow occurred in 
a orderly fashion without the production of vortices. 
(Fig. 3.10). The acceleration of flow occurred in the 
central laminae with the more peripheral ones moving slower 
as would be expected in a laminar system. 
with thicker sheets of water and/or under conditions of 
high flow velocity (Figs. 3.11 and 3.12) the contraction of 
flow still proceeded in an orderly manner with minimal 
disturbance. Flow through the throat of the stenosis 
occurred at high speed but still in an orderly manner. Most 
of the disturbance was observed at an outlet of the stenosis 
where the conduit suddenly expanded. Here a jet emerged 
from the throat of the stenosis and projected itself into 
the relatively stagnant post-stenotic flow field creating an 
area of separation and leading to the formation of vortices 
and turbulence. 'Karman streets' were often observed and 
the disturbance of the flow field was maintained for several 
diameters of the unobstructed vessel until it finally 
stabilized downstream. 
The disturbance caused by pulsatile flow through the 
q 
stenosis was also simulated in this model (Fig. '3.13). A 
thick sheet of water was used to obtain mixing. Rather than 
using a pulsatile inflow pump, we continued with the gravity 
reservoir but used a pulsatile impedance at the outlet of 
the chamber to simulate the to-and-fro motion of the blood 
in arteries. 
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Figure 3.10: Hele-Shaw plate model. Flow is from left to riqht. At low 
flow rate laminar flow is observed in all three segments (pre, stenosis 
and poststenotic). 
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Figure 3.11: Hele-Shaw model. Flow is from left to right. At high flow rates, notice laminar flow in the prestenotic segment and through the stenosis. There is turbulent formation in the poststenotic segment. 
91 
Figure 3.12: Hele-Shaw plate model. Flow from left 
in the prestenotic and the stenotic segments. Vortex 
streets observed in the poststenotic segment. 
to right. Laminar flow 
formation and Karman 
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Figure 3.13: Hele-Shaw plate model. Flow from left to riaht. At low flow 
rates, pulsatile impedance has been added. Notice increased Vortex formation 
and other disturbances in the poststenotic segment. 
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This was done by roller taping the outflow drainage tube at 
a frequency of 80/minute. 
The addition of a pulsatile impedance resulted in the 
formation of a vortex in each cYcle. There was more 
disturbance to be noticed in the arrangement of the fluid 
patterns in the post-stenotic portion. There was no visible 
alteration in the pre-stenotic segment or at the throat of 
the stenosis. 
Thus the Hele-Shaw plate provided visual confirmation 
that the phenomena outlined in our theoretical model 
represent an approximation to what takes place in reality 
inasmuch as most of the flow disturbance took place in the 
post-stenotic portion (as stated in our theoretical 
considerations) with a transstenotic and prestenotic flow 
proceeding in a fairly orderly manner, even under pulsatile 
conditions, thus suggesting little energy loss in these two 
latter segments. 
3.2.2 Measurement of the qeometry of a stenosis 
The determination of the arterial flow parameters 
through a stenosis requires the precise measurement of at 
least the following v. ariables: pressure, velocity, viscositi 
and geometry of the vessel. As we shall see later, the 
measurement of pressure and flow under experimental 
conditions does not pose any major problem. The measurement 
of viscosity and its correction for various values of 
hematocrit is also easily accomplished within the acceptable 
error imposed by the experimental method. A different 
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problem is posed by the measurement of the geometry of 
living vessels. 
The measurements of the dimensions of an artery, its 
wall thickness, and the percentage of lumen occluded by a 
stenosis is plagued with problems derived from the 
biological nature of the material in which the measurements 
are being done. Living biological tissues respond to 
mechanical forces and to the important changes introduced in 
their dimensions by simple observation. It is difficult to 
determine the outside diameter of a biological tube which is 
elastic, deformable and continuously undergoing vibration 
because of the pulsatile flow within it. within the 
arterial wall, 70% is water (21) which is easily evaporated 
by exposure of the t-issues during experiment. Furthermore, 
the artery reacts to those stimuli caused by the act of 
measurement. Contact, exposure to air and temperature all 
result in dimensional changes in the muscle cells forming 
the arterial wall which can result in significant changes in 
the cross-sectional areas of the vessel and in its wall 
thickness. Even exposure to light may trigger stimulation 
to the smooth muscle forming part of the arterial wall as 
Fuchgott (11) has demonstrated. Patel (21) found that 13%' 
of the wall weight is easily lost by evaporation during 
experiments in which the artery is mostly suspended and 
exposed to air. 
Functioning arteries are elastic tubes subjected to a 
distending pressure. Because the elastic properties of the 
wall are different in all three dimensions, changes in the 
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distending pressure result in changes in both cross- 
sectional area and wall thickness. These changes are not 
only present for a particular mean distending pressure but 
also oscillate about this value in each cardiac cycle. 
The three types of measurements which are important for 
the experiments which occupy us are: the external diameter 
of the artery (Do), the internal diameter (Di) measured from 
the surface of the intima in one side to'the surface of the 
intima in the opposite side and the wall thickness (h) of 
the vessel. 
Internal measurements (Di) are made in ex vivo "dead" 
arteries by either resin casts, x-ray dye or direct 
measurement under microscope on a thin slice of the artery 
that has been fixed and stained. 
Castinq 
Casts of arteries can be obtained by filling its lumen 
with a resin and a catalyst hardener. The resin must be 
injected before any hardening occurs, otherwise it is very* 
difficult to make it advance through the tubing through 
I 
which it is injected and through the smaller arterial 
branches. The injection furthermore should be made 
attempting to develop an intraluminal pressure of 
approximately 100 mmHg so that the distending forces acting 
on the wall will be distending it to a dimension close to 
what the artery had in life. 
We used this injection method to determine the 
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dimensions of the stenosed and unstenosed portions of the 
femoral artery of dogs in which the experiments were done. 
Our choice for resin was silicone rubber of medical grade 
(Dow Corning). It was injected through a catheter attached 
to a side branch of the vessel under constant 100 mmHg 
pressure measured by manometer. The specimens were allowed 
to cure overnight for 12 hours at 210 C. In the morning the 
arterial wall was already dried away and could be easily 
incised and peeled away from the cast. The casts gave us 
good reproduction of the topography of the intima of the 
artery and allowed discrete measurements of the throat of 
the stenosis. The wall in itself was always deteriorated 
and dehydrated due to the curing process and to the 
prolonged exposure to air. We found this method 
particularly useful in the measurement of the internal 
diameter (Di) of stenoses produced with external 
constricting devices. once the cast of the artery was 
obtained it was sliced in a cross-sectional manner and the 
dimensions of the small slices could be easily read under 
the traveling microscope. 
Microscope measurements 
Measurements of vessel dimension under the microscope 
are particularly suitable for vessels with very small 
lumena. The problems encountered here are again due to the 
deformation incurred by the tissue fixation required for 
this method. We used traveling microscope measurements of 
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fixed tissue only to validate the measurements obtained with 
an external arterial constrictor used in our experiments and 
discussed below. 
The technique used was as follows: First it was 
important to obtain rapid freezing of the vessel in situ and 
in vivo and this was accomplished by creating a dam around 
the arterial preparation in the wound and pouring liquid 
nitrogen while the vessel was functioning. This resulted in 
a quasi instantaneous freezing of the entire stenosis 
preparation which could now be severed from continuity with 
the animal and immediately transferred to a freezing box 
wrapped up in a moist saline sponge inside an impervious 
aluminum foil package. In that manner it was left in the 
freezer for further processing. Fixation was later 
accomplished by immersion in cold formaldehyde. once the 
tissues were fixed, staining and sectioning was done using 
standard histological techniques. The cross-section slices 
thus obtained are never perfectly circular and therefore our 
measurements were done in 5 different diameters and 
including 10 different determinations of the wall thickness 
with the traveling microscope. The results of the various 
diameter and wall thickness determinations were averaged to, 
find a mean internal diameter and the mean wall thickness 
for that particular cross-sectional specimen. 
X-ray Dye 
Angiography is a commonly used technique to measure the 
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internal diameter of vessels. An iodine-containing 
radiopaque dye is injected into the vessel. When an X-ray 
beam is directed through the vessel and into an X-ray 
photographic plate, the dye filling the vessel is radiopaque 
and produces an outline of the vessel inner dimensions (Di) 
in the plate. The plate therefore produces a "shade" or 
two-dimensional projection of the lumen width. If the 
vessel is not circular, the outline of its lumen in the 
plate will depend on the projection used. (Fig. 3.14) The 
vessels of experimental animals are circular and all the 
constrictions used in our experiments were circula r too. 
Therefore, we felt that precise measurement in two planes 90 
degrees apart when averaged represented an accurate 
determination. 
There are various iodine containing x-ray dyes which 
are used routinely in human angiography. when injected in 
straight solution in a vessel without mixing them with 
blood, they all have an excess of concentration to give us a 
fully opaque image. In our experiments, we used Renografin 
76 which is a mixture of sodium and methyglucamine salts of 
diatrizoate. It contains 370 mg of iodine per ml and has a 
viscosity 18.2 centipoise at 210C. 
When the artery is resting on top of the photographic 
plate, the amount of paralax agumentation of the Di on the 
plate depends on the distance of the X-ray source to the 
artery. By resting the artery on the plate and sending the 
beam of X-ray with the tube in the highest position, the 
paralax deformation is minimal. 
q 
99 
n-' --'- I >z 
- 
-- 
Figure 3.14: Outline of arterial lumen by X-ray dye in an artery 
narrowed by a plaque. In order to estimate the degree of narrowing, 
more than one projection is needed if the plaque is eccentric, as is 
generally the case. 
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Figure 3.15: The X-ray plate measurement of the internal diamezer in 
arterial stenosis models. The constrictor and the connecting bar are 
seen across the artery. The artery lumen is outlined by X-ray dye. 
The constriction caused in the internal diameter of the artery is 
clearly seen in the center of the picture. In the top margin of the 
picture, steel markers of precisely known dimensions are used for 
measuring reference. 
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Nevertheless, four precisely measured metal markers of known 
dimensions (2,5 and 10mm) were always rested on the plate so 
that measurements made on the image on the photographic 
plate could be checked for precision. 
When measuring directly on the photographic plate we 
found that it is rather difficult to measure lumena of less 
than-3mm with + 0.5 mm, precision. To enhance the precision 
of measurement a 35mm slide was cut out of that portion of 
the photographic X-ray plate containing the stenosis image 
and projected by means of a lantern until magnified 10 
times. measurements then were done in the projected image 
with a caliper. We used the X-ray measurement technique for 
additional validation of our arterial loop constrictor and 
to determine the true internal diameter and outline of the 
lumen in two projections in those vessels where external 
constricting blocks where used (see below). 
The measurement of the geometry of a living artery in 
situ is a particularly taxing one for investigators dealing 
with arterial physiology and modeling. The arterial wall 
has mechanical properties which are markedly anisotropic. 
The thickness of the wall of an artery changes with 
variations in the longitudinal dimension of the vessel and 
with the distending pressure at which the vessel-is 
maintained. Because of this,, measurements of arterial wall 
thickness obtained from small segments of arterial wall 
which has been excised and devoided of intravascular 
pressure are grossly different from those existing in vivo. 
Furthermore the histological techniques used to fix vessels 
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prior to their measurement cause alterations of the 
dimensions of the wall. 
A segment of artery of an animal retracts when cut. 
When the artery is first disected free from the surrounding 
tissue and then cut then the amount of longitudinal 
shortening is very large. Even for a large vessel such as 
the aorta, the retraction under these circumstances amount 
to between 40 - 12% of its natural length depending on the 
age of the subject. 
As we mentioned before arteries are anisotropic. 
McDonald (21) found that the longitudinal modulus for the 
dog's femoral artery was 2.0 x 10 dynes/cm 2 for up to 90% 
of its in vivo length but it was 10 x 10 dyne S/CM 2 at the 
distending pressure of 100 mmHg, similar to that recorded in 
the animal in vivo. 
However, pressure alone does not account for the 
natural length of the arteries. Bergel found that at 
100 mmHg of distending pressure, an excised segment of 
artery recovers only 90% of its natural "in vivo" length and 
further increases in pressure produce little extra 
lengthening (21). The inevitable conclusion to this is that 
in vivo arteries are also subjected to continous 
longitudinal stress or,. as it is called in physiological 
circles, "tethering". 
In the experiments dealing with the mechanics of flow 
through stenoses which occupy us, the most important 
dimension to be known is the internal cross-sectional lumen 
of the vessel at the stenosed and unstenosed portions. 
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Being aware of the fact that any substantial change in the 
longitudinal dimension of the vessel with a stenosis will 
have an important effect on its wall thickness our 
experimental arterial segments were carefully measured in 
vivo for a length of 6 cm (3 cm above and below the 
stenosis) and the distance was marked on the wall of the 
artery by two transverse lines painted with gentian violet, 
a supravital dye. Once the determinations of flow rate and 
pressures were done, the arteries were excised and 
maintained at precisely the same length between clamps while 
the intravascular distending pressure was maintained at 100 
mmHg. 
Constrictinq Devices 
Some of the experimental work of arterial stenosis of 
animals has been done with "internal" devices usually 
perforated plastic blocks, inserted in the lumen of an 
artery or interposed as a constricting segment between two 
segments of artery. we did not use any internal devices in 
our experiments because it is difficult to avoid brisk 
changes in intimal geometry which will alter the flow 
patterns when using perforated inserts. on the other hand' 
the interposition of plastic blocks between two segments of' 
an artery creates an undesirable discontinuity in its wall 
and a gross alteration of the elastic properties of the 
experimental segment. 
We wanted to present to the flow the same intimal 
surface which a stenotic artery Possesses normally and 
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therefore chose to constrict arteries externally by means of 
two different types of devices and then determine the 
internal constriction produced by means of calculations 
substantiated by the direct measurements outlined at the 
beginning of this chapter. 
We used two different types of constrictors. The first 
one was a loop designed to produce a localized concentric 
narrowing of minimal length. This was designed to study the 
changes in flow and pressure due to the sudden constriction 
and expansion of flow. Since the length of a stenosis also 
has an influence on the pressure/flow changes observed, 
another series of external constrictors of known length were 
machined so they could be used as modules to produce 
stenoses of various degrees and lengths. 
The Loop Constrictor 
Our loop constrictor was built out of two plastic 
blocks, one of which could slide on two steel rods which 
provided the desired separation between the blocks 
(Fig. 3.16). A nylon string of 0.8 mm in diameter was 
attached at one end to a block and was fixed to the opposite 
block by means of a pressure screw. The nylon string was 
looped around a ring in its mid portion. As the movable 
plastic block slid over the two steel rods, the loop formed 
by the nylon string narrowed or widened as a function of the 
distance between the blocks. A table was then constructed 
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Figure 3.16: View of the loop constrictor in place. The left block 
is displaced over the pair of steel rods. Notice the loop around 
the artery maintained in place by the small ring. 
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Figure 3.17 Design of the loop constrictor. 
107 
which gave us the linear relationship between the diameter 
of the constricting loop and the distance between the 
blocks. 
As the loop closes around the artery, it causes a 
localized constriction in it and thus a decrease in its 
external and internal diameters. (Fig. 3.17) 
The characteristics of the narrowing caused by the loop 
were first studied on the bench by the following steps: (I). 
Calibration of the diameter of the loop in terms of the 
distance between the supporting blocks. (2). visualization 
of the type of stenosis caused by the thin constrictor loop. 
(3). With the assumption of a constant wall mass, 
construction of a table relating internal diameters of the 
artery for known external diameters of the loop. (4). 
Detection, if any, of extrusion of arterial wall mass at the 
end stage of the constriction and as flow approaches zero. 
The calibration of the device was done by plotting the 
distance between the blocks with the known outside diameter 
of drills snuggly embraced by the loop. Having chosen a 
nylon loop of substantial diameter, no hysteresis secondary 
to the deformation of the nylon string was observed in 
measurements done in ascending and descending order. q 
The shape of the stenosis caused by the constricting I 
loop was observed by applying the loop to an artery 
maintained at its original distending, pressure and length 
and filled with x-ray dye. X-rays on two projections were 
obtained which showed the stenosis to have the expected 
sharp configuration but smooth contours similar to those 
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observed in human beings (Fig. 3.15). 
The calculation of the wall thickness for different 
degrees of stenosis using these X-ray methods was relatively 
simple since the external diameter (Do) was known from the 
calibration table of our loop constricting device and the 
internal diameter could be measured on the X-ray film. No 
significant wall herniation was observed until the last 
stages of constriction when the cross-lumenal area had been 
reduced by 95% of its original value. 
These angiographic measurements were validated by 
direct measurement of the residual lumen diameter done in 
ten specimens injected with silicone material (as described 
above) which were then cured, sectioned and measured with 
the traveling microscope. Further validation of the merit 
of the measurements obtained with the constricting loop was 
obtained by traveling microscopic measurements done in ten 
specimens frozen rapidly with liquid nitrogen and then 
fixed, stained and cut. 
It was obvious that when the constriction obliterated 
between 95%-100% of the lumen there was a significant wall- 
displacement. 
We then tried the constrictor in animal arteries in q 
vivo to ascertain this wall mass displacement in the late 
stages of a progressive stenosis. In animal experiments, 
(the setup of which is discussed below) we noted indeed that 
in the final stages of constriction there was still flow 
detected by electromagnetic flow measurements when according 
to our calibration tables for the loop constrictor the 
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Figure 3.18: Internal dimensions of various stenosis caused by external 
constrictions. X-ray plate method. External diameter of the artery (measured by caliper) changes from 7.2 on the left to 6.2 on the right. The internal diameters of the stenosis can be precisely measured with this technique. 
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internal radius should have been zero. This was caused by 
the displacement of the wall of the artery by the 
constrictor ring with migration of wall mass laterally and 
thus causing a decrease of the wall thickness at the point 
of constriction. It is at these late stages of a 
progressive constriction that the assumption of a constant 
wall thickness fails. 
Inasmuch as our experiments were to deal only with the 
femoral arteries of greyhound dogs, we determined 
experimentally the magnitude of this departure in the 
calibration curve caused by the lateral displacement of the 
wall mass. This was done in 5 successive experiments and 
the calibration curve was corrected near its intersect where 
the constriction had already narrowed the lumen by at least 
95%. 
External Constrictinq Blocks 
In a second series of experiments (described below) the 
arteries were constricted 
had been bored to precise 
fabricated from two half 
through the centre to the 
then disassembled and the 
between the two halves. 
with external lucite blocks which 
diameters. The blocks were 
blocks secured by screws and bored 
required size. The blocks were 
artery positioned and secured 
It was important to know if the assumption of a 
constant wall mass was valid for this type of external 
ill 
constrictors and to observe the outline of the internal 
lumen when these blocks were applied either in continuity or 
separated by normal arterial segments. For this purpose we 
used visualization with X-ray dye followed by projection of 
the X-ray film on a screen for measurements as outlined 
above (see section 3.2.2). From the known measurements of 
Do (bore diameter) and the direct measurements of Di it was 
clear that the assumption of a constant wall mass was 
correct and that the minimal extrusion which could be caused 
by the edge of the constricting block did not affect to a 
measureable degree the uniformity of the stenosis caused by 
them. Blocks were mac4ined from lucite in lengths of 0.5 
and 1.0 cm and bored to diameters of 3,4 and 5 mm. 
Fig. 3.18 shows the constrictions obtained in a segment of 
femoral artery with 3,4 and 5 mm blocks. 
3.2.3 Pressure/Pulse Wave Chanqes 
Intraarterial pressure is best recorded directly. 
Certain precautions are essential to all systems of 
manometry coupled with tubing. The selection of the 
pressure transducer is important when small changes in the 
pressure wave are to be detected. We used Bell & Howell 
transducers of type L221 which have an excellent frequency 
response. We measured the pressure above and below the 
stenosis using side branches of suitable caliber for the 
introduction of #16 gauge nylon tubing. The catheters were 
advanced in the branch until they lodged 3 mm from the 
origin of the branch from the parent vessel. 
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Figure 3.19: The dog preparation ready for measurements. A 
site, the two flow meter probes can be seen. To the right b 
tranducers are mounted and leveled. The syringe is used for 
the catheters before and after every pressure determination. 
t the experimental 
oth pressure 
flushing of 
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They were secured to the branch by three nylon ligatures. 
Nylon tubing (13 cm of length) was used to reach the 
pressure transducers. The output of the transducers was 
then amplified and displayed in a ultraviolet multichannel 
recorder (S. E. Labs) which also had the capability for 
digital readouts. 
We were particularly aware of the importance of air 
trapping and the changes in volume elasticity caused by it. 
These artifacts change the resonant frequency and damping of 
the system. Another problem with longstanding catheters 
during experimentation is thrombus formation within the 
lumen which changes the caliber of the port of measurement 
and thus alterations in the response of the system. This 
was avoided by systemic heparinization as well as vigorous 
saline flushing prior to any measurement. 
The third consideration in the measurement of pressure 
obtained from branches is the end-pressure artifact which is 
observed when a catheter tip points upstream and thus 
records the sum of the lateral pressure and the converted 
kinetic energy. In general this end-pressure artifact is 
small. We calculated the kinetic energy in the waveforms 
recorded upstream from the stenosis and found that the 
computation of kinetic energy amounted to less than 1% of 
the total energy. The transducing system we used was 
accurate to changes of +I mmHg of pressure. 
Catheter tips were placed above and below the stenosis 
in two convenient branches located approximately 10 cm 
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Figure 3.20: Photograph of the stenosis preparation. The downstream probe 
is seen on the right side. Both transducer catheters are seen tied to 
branches of the artery above and below the loop constrictor. The latter 
is-seen in the middle of the picture. 
. 
-4N 
I 
b 
. 
to 
rp-, 
115 
apart. Upstream it was inserted in the epigastic artery and 
downstream in the saphenous artery. 
Prior to each data gathering run both transducers were 
calibrated against a mercury column. Whenever a new 
stenosis was inserted or any change in the preparation was 
t made, recalibration, debubbling and saline flush was done in 
both catheters. 
Systolic, diastolic and mean pressures were read off 
directly from the paper. Mean pressures were obtained by 
severe damping of the system. 
3.2.4 Velocity Waveform Chanqes 
Our choice for the recording of blood velocity 
waveforms was an electromagnetic flow meter system based on 
the principle of magnetic induction. 
When an electrical conductor moves across lines of 
force of a magnetic field it generates a potential 
difference which can be measured. Faraday tried in 1832 to 
measure the flow of the river Thames from the voltage 
induced by the river in the earth's magnetic field. Though 
he did not manage to do so, he heard before his death that 
Wodastone had succeeded in measuring the voltages induced bj 
the tidal current in the English Channel. Though the 
principle is old, electromagnetic flow meters were 
introduced into physiological practice by Kolin (1936) in 
I the United States and by Wetterer (1937) in Germany. Their 
appeal was that they had a linear calibration and could be 
applied to an unopened vessel and record faithfully both 
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forward and backward flow. 
There are however some problems associated with the use 
of electromagnetic flow meters. The most important ones 
are: 
(1) shuntinq of signal around the outer surface of the 
artery as well as through the fluid bathing it. While it is 
important to avoid drying of the arterial wall and thus 
change its electrical characteristics, serious errors can 
also be induced by having the electrode-artery interface 
submerged in a pool of blood or salt solution. our probes 
were not allowed to be bathed by any collected fluids and 
the preparation was maintained at the proper state of 
moisture by periodic application of sponges moist with 
saline. 
(2) The composition of the arterial wall . Changes 
in 
its composition alter its electric properties and influences 
the performance of the flowmeter probe. This is frequently 
a problem when dealing with human vessels affected by 
atherosclerosis where a large portion of the vessel wall may 
be infiltrated by calcium. In the experiments here 
discussed all measurements were done. in the femoral arteries 
of healthy greyhound dogs, all ostensively with the same 
normal tissue composition. 
(3) The fit of the probe is also a potential problem. 
A loose probe is bound to perform very poorly and a probe 
which is too tight on a vessel may cause by itself 
alterations in flow which per se will alter the measurement. 
The probes we used were of the PS type manufactured by 
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Nycotron (Sweden). We attempted as perfect a fit as 
possible making an effort not to cause a constriction 
greater than 10% of the diameter of the vessel. The probes 
were placed 6 cm above and below the stenosis so that 
resumption of the normal pattern of flow would have occurred 
by the time it reached the downstream probe. We used an 
electromagnetic flow meter Nycotron type 372. Our flowmeter 
was fitted with an integrator that allowed us cumulative 
measurements of volume flow over any period of time. 
(4) The question of obtaininq the proper zero for 
calibration and baseline determination in the flowmeter is 
an important one. Flowmeter zero's obtained by switching 
off the magnet current are erroneous and were not relied 
upon. Rather we arrested flow and obtained a true occlusive 
zero by clamping the vessel below the flow meter and 
adjusting the baseline for a condition of true zero flow. 
In addition to it and to override errors derived from the 
position of the electrodes, patterns of flow or differences 
in the arterial wall composition, the output of the flow 
meter was also calibrated in the following manner: the 
artery was clamped distal to the preparation and a preset 
volume (20 ml) of blood was drawn through the pressure port 
while the integrator was working. Discrepancies between the' 
volume as recorded by the integrator and the volume 
aspirated by the syringe were noted and the proper 
calibration adjustments were made. 
This time consuming but reliable procedure was repeated 
before any set of determinations were made and after any 
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stenosis change was induced in the model. After each 
experimental run and following every occlusive zero 
determination 5 minutes were allowed for hyperhemic 
compensation prior to inducing any constriction in the 
experimental segment. The output of the flowmeter was 
recorded in an ultraviolet six channel recorder (S. E. 
Laboratories). The pressure transducers were calibrated 
against a mercury column at the beginning and at the end of 
each experimental run. 
we carried all our experiments in greyhound dogs. The 
dogs were anesthesized with intravenous nembutal (1 mg/kg 
weight) and they were systemically heparinized with 5000 
units of intravenous heparin. In all these animals, the 
right ilio-femoral trunk was dissected, the femoral artery 
selected for experimentation and its branches isolated for 
pressure determinations. 
The external diameter of the exposed arterial segment 
was measured by a Vernier caliper and derived from the 
length of a fine suture looped once around the vessel. Two 
points of known external diameter where chosen for the 
placement of suitably sized electromagnetic flow probes. A 
third middle point was the site elected for placement of the 
constricting device. 
The stability of the preparation was excellent 
throughout the experiments as evaluated by the stability of 
the heart rate, systemic pressure and periodic flow rate 
measurements. 
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3.2.5 Results 
Pressure data were obtained by averaging the reading of 
15 cardiac cycles. Kinetic energy computations were made by 
differentiating the values of the velocity at very small 
time intervals and computing the kinetic energy for each one 
of these elements. Plots of kinetic and lateral pressure- 
energy were made in terms of a height of a water 
column (cm). 
A typical tracing of the flow and pressure changes with 
increasing stenosis (loop constrictor) is shown in 
Fig. 3.21. The scale showing percentage of occlusion is 
added to the w scale for reference. 
we had predicted that before reaching the critical 
I 
range, the experimental values of Eks/Ek, would follow the 
theoretical curve. This close correlation can be seen in 
Fig. 3.22 which displays data measured in two experiments in 
the same animal against the theoretical curve. Within the 
critical range, the experimental values should be smaller 
and fall from the theoretical curve because, having incurred 
a drop in flow volume, hence a drop in V, and EkI, the value 
of Eks will be smaller since it is expressed as "n" times 
that of a smaller Ek, . 
q 
In order to show this departure from the theoretical 
curve more clearly, we have Plotted the latter against the 
experimental data in logarithmic scales (Fig. 3.23). The 
solid straight line with the 4 to I slope represents the 
theoretical fourth powered function (equation 3.5). 
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Figure 3.21: Flow and pressure changes with increasing stenosis, plotted 
against radii ratio (w). ' The scale showing percentage of stenosis is 
added to the top of the graph for comparative reference. 
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Figure 3.22: Theoretical and experimental values of kinetic energy plotted 
against the ratio of radii (w). Note the close correlation between 
theoretical and the experimental values up to a value of w=0.45. 
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The beginning of the critical area is clearly shown by the 
departure of the experimental data from the theoretical 
line. Beyond this point of departure, the velocity, and, 
hence Eks, continues to increase although it does so at a 
slower rate than before the critical point was reached. 
This increase can only continue for a very short distance 
(as indicated by AB in Fig. 3.23) until a point is reached 
where the velocity through the stenosis reaches a maximal 
value (Max) and then decreases. After this maximal point, 
the fall to zero flow is nearly instantaneous. 
The stenotic values between the critical (departure) 
point and the Max point could be termed the critical range. 
That point beyond which pressure and flow decrements will 
occur with even the slightest additional constriction is, 
therefore, the "critical" point. 
We had seen in the theoretical discussion that the 
friction loss through a stenosis could be expressed by the 
Darcy-Weisbach formula (equation 3.18). According to this 
equation, the graph of the energy loss as a function of the 
length of the stenosis can be anticipated to be a curve 
whose slope will become steeper as the internal radius of 
the stenotic area under consideration decreases. 
In each of the 20 animals series of drilled blocks of 
uniform internal diameter were used until a pressure drop 
was obtained. For the particular size of vessel that we 
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were dealing with (the femoral artery of a greyhound with 
internal diameters of 5-6 mm) the 5 mm blocks failed to 
cause any significant pressure drop. On the contrary, 4 and 
very specially 3 mm blocks always caused a pressure drop. 
v 
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Figure 3.23: Experimental data (Expr. ) plotted with the theoretical function 
(Theor. ) against the ratio of radii (w) on log-log scales. The critical 
(departure) point and the point of maximal kinetic energy (max) are indicated. 
The critical range is designated (A-B). 
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In Fig. 3.24 two series of drilled blocks (4 mm and 3 
mm) were used in this experiment which provided vessel 
lumena of 0.063 mmz and 0.0165 mm2 respectively. The curve 
is steeper for the 3 mm series and this correlates with the 
theoretical prediction (Darcy-Weisbach equation). 
From the above considerations and data, it is clear 
that the "critical" value of a stenosis depends mainly on 
the velocity of the flow and on the area ratio (or radii 
ratio =w) between the senosed and unstenosed segments of 
the vessel. Changes in length are less important in 
determining the critical value. This has been shown by 
Kindt (16) and others. 
Finally the small amount of bleeding and replacement 
hemodilution in these experiments caused small (+ 10 % 
variation in hematocrit) changes. The attending small 
changes in relative visicosity did not have measurable 
effect on the flow or pressure determinations obtained. 
3.2.6 Discussion of Previous Work in View of our 
Experimental Findings 
The experimental work on the problem of arterial 
stenosis has been done using mainly two types of models: 
physical and biological systems. Mathematical models have 
been infrequently used, probably because of the complexity 
involved in describing arterial blood flow in precise fluid 
dynamic terms. Although the Poiseuille equation has been 
q 
extensively quoted, its inadequacy for predicting changes in 
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the calculation of head loss in a pipe due to sudden 
expansion. Such loss in hydraulics has been quoted above 
(equation 3.15) as 
(VS _V, )2 By applying 2g 
Bernoulli's principle through a mass continuity proposition, 
this term can be easily transformed into the form of 
p 2(Al 
2 
V, TS 
which although. different does have a certain similarity with 
the third term used by May (22). It must be remembered that 
this hydraulic formula has been experimentally derived and 
applies to turbulent flow. The introduction of a 3-term 
equation whose first two terms are applicable to laminar 
flow (Poiseuille) and whose third one is only applicable to 
turbulent flow and has an unclear derivation is not 
appealing. we agree however, with their conclusions 
regarding the important factors that determine the value of 
the critical area of a vessel. 
Among the physical models, the most often used have 
been either a constant head of pressure (gravity flow) or a 
rotary pulsatile system. Mann's (20) original experiments 
involved both types of systems. His results and those 
obtained by Young and Tsai (31,32) are clear evidence that 
the two systems are not comparable, and this should be borýe 
in mind when making deductions to be applied to animal or 
human arteries. 
The animal models have generally been complementary to 
physical models. They reproduce in a more realistic way 
what happens in the human arteries, but they have the usual 
drawbacks of lacking the steadiness of a physical system and 
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of incorporating variables that change the parameters under 
investigation (autoregulation, etc). In spite of this, they 
are the ultimate test of any arterial hemodynamic problem 
before inferences are made which are applicable to human 
arteries. 
3.2.6.1 Resistance to Flow 
The establishment of a "fixed" peripheral resistance in 
flow models has been the source of some interpretative 
errors. Most of the physical models used in previous work 
(7) have achieved a'"fixed peripheral resistance" by placing 
a small bore tube or a screw-clamp at the distal end of the 
circuit. It must be said beforehand that one cannot "fix" 
the peripheral resistance by simply placing an obstruction 
at the end of a tube while varying either Q or P. For if Q 
is kept constant, varying P by AP would result in a 
variation of the resistance, AR P+AP 
= R+ AR Q 
Similarly, if P is kept constant, varying Q by AQ would 
also result in a change-in resistance, AR I 
P=R 
+AR Z5 + AQ 
To place a "high peripheral resistance" at the distal 
end of the tubing is basically to create a second critical 
stenosis downstream. The result of this second critical 
stenosis is to decrease Q, and hence V, . This decrease in 
velocity in the pre-stenotic segment under study will result 
in a much narrower stenosis being now needed to achieve the 
"critical" constriction. 
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This is the flaw in Fiddian's (7) work which led him to 
conclude that the area ratio between unstenosed and stenosed 
segments would not influence the value of the critical area. 
By placing a "high peripheral resistance" in the three 
different diameters of tubing which he used to simulate the 
sizes of human aorta, dog's aorta and dog's femoral artery 
in his experiments, he concluded that the critical stenosis 
area was about 2.3 mm for all three systems. However, if we 
use his data to calculate the respective mean velocities, we 
shall find them to be approximately 1.8 cm per second for 
the human aorta model, 8.4 cm per second for the dog aorta, 
and 57 cm. per second for the dog femoral model. The actual 
mean velocity in the human aorta is about 20 times higher. 
His model, therefore, did not represent the conditions that 
he was trying to simulate. In fact, under a mean pressure 
of 100 mmHg his flow data shows that for both the aortic 
models, and specially for the human, the peripheral 
resistance in his model acts as a critical stenosis as shown 
by the very slow velocity in the tubes. 
3.2.6.2 The Different Families of Flow and Pressure in 
Progressive Stenosis 
Previous research in this field of arterial stenosis 
has shown that when plotting stenotic areas versus flow rate 
(or pressure values diStal to the stenosis) the resulting 
curves have different shapes and give different values for 
critical areas for the same vessel, depending on whether it 
is a high or a low flow rate situation. Thus, with 
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progressive constrictions in a high flow rate system, the 
critical stenosis appears sooner and the curve representing 
the fall in flow rate (or the post-stenotic pressure) has a 
smaller slope than in a low flow rate system. In the 
latter, the critical point appears later and the fall in 
flow rate (or in pressure) is more precipitous beyond the 
critical point. This is illustrated in Fig. 3.25. 
132 
%Q 
10 
% Stenosis 
Figure-3.25: Percent flow rate plotted vs percent stenosis in an 
experimental segment of artery showing the critical point to appear 
earlier under conditions of high flow rate (high velocity) then 
under conditions of low flow rate (low velocity). 
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Figure 3.26: Graph showing changes in the lateral pressure (Ep) and 
kinetic (k) components of the total energy in a vessel for different 
degrees of stenosis, considering kinetic energy at the stenosis (Eks) 
and lateral pressure energy in the poststenotic segment (although for 
practical purposes Es =EP2)' Two cases are considered: a hiah flow 
condition (h) with t9e kinetic component being 10'110 of the totai energy, 
prior to any stenosis (w = 1). and a low flow condition (1) with the 
kinetic component representing 1% of the total energy at w=1. The 
15% level of total energy has been marked and is considered to be 
within the critical range. 
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We have seen that the gain in kinetic energy (Eks) 
through the stenosis is at the expense of the lateral 
pressure energy (Eps), and that this gained kinetic energy 
is mostly lost in the post-stenotic segment. Thus, the 
curve representing the gain in kinetic energy through the 
stenosis is nearly the same as the curve representing the 
drop in the lateral pressure energy (EP2) in the post- 
stenotic segment. There is a small difference between both 
curves accounted for by the energy lost in contracting the 
flow at the inlet and the friction loss at the stenosis. We 
will now show how the function Eks/Ek, =*UT4 can explain these 
different families of curves for different flow velocity 
systems. 
In an arterial segment, providing we are dealing with 
stable experimental conditions, the total energy per unit 
weight (Et) contained in the blood which flows through a 
cross-section is constant. The kinetic (Ek) and the lateral 
pressure (Ep) components, can be expressed as percent 
fractions of the total energy (Fig. 3.26). In a high flow 
condition (h) such as exercise, arteriovenous shunting, 
etc., the amount of energy allocated to the kinetic 
component Ek, (h) will be a substantial proportion of týe 
total energy available. Let us give a high value, say 10% 
of the total energy, to EkI (h) in the curve representing 
the function EkS(hVEkj(h) , for a progressive 
decrease of the lumen area (w-o-O), the function 
Eks(h)/Ekl(h) will rapidly aproach the level of 15% of the 
total energy. This rise will be reflected by a similar (and 
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detectable) drop in lateral pressure energy as shown in ' 
Fig. 3.26 by EP2(h). One may notice the similarity between 
the graph of this drop and that depicted as typical of high 
flow conditions (Fig. 3.25 high flow curve). 
Conversely, the percentage of total energy allocated to 
the kinetic component in a low flow situation Ek, O) is a 
small fraction, generally less than 1%. Thus, it requires a 
much higher degree of stenosis for the function EkS(I)/Ekj0) 
to approach a value of 15% of the total energy, and hence to 
show a measurable drop in lateral pressure energy EP2(1) 
than is required in the high flow condition to obtain the 
same result. When this value (15%) is approached, that is 
when the stenosis is within the critical area, we are 
dealing with that portion of the function W-4 that has a 
very steep slope (Fig. 3.2). If we consider that, beyond 
the stenosis, the changes in kinetic energy are 
approximately inversely proportional to the changes in 
lateral pressure energy, we can see that, in a low flow 
condition, the changes observed within the critical area 
occur at a faster rate than in a high flow condition. 
In an experimental situation, a 15% drop in the lateral 
pressure energy is definitely a measurable change. When 
this occurs across a stenosis, we can assume that the 
critical range has been entered. The drop in lateral 
pressure energy (post-stenotic) being proportional to the 
gain in kinetic energy through the stenosis, we shall 
arbitrarily set this value of 15% as one which is definitely 
within the critical range. This is not to say that 15% is 
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what we define as the critical point or value but rather is 
a deliberately chosen value which we know must be within the 
critical range. 
CHAPTER 4 
THE ANALYSIS OF TURBULENT SOUNDS GENERATED BY STENOSES 
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SYNOPSlS: CHAPTER 4 
This chapter deals with the matter of noise generated 
by arterial stenoses. The use of noise as a datum in 
physical examination of patients is traced in a brief 
historical preamble (4.1) which justifies the relevance of 
including a study of flow-generated noise into a description 
of the mechanics of arterial stenoses. 
A brief description of the mechanism of noise 
production in arteries follows (4.2). Section 4.3 discusses 
the efforts to characterize vascular noise and to relate it 
to different degrees' of arterial narrowing. This brief 
account goes from the metaphorical descriptions of noise in 
the older literature to present day use of spectrum analysis 
and break frequencies. 
The contradictions encountered when we reviewed the 
subject of arterial noise prompted us to use an experimental 
model for the production and analysis of noise from arterial 
stenoses (4.4). Our method and our results are discussed in 
detail since we have found serious contradictions between* 
our work and that of Lees. These contradictions are 
stressed since - as will be shown in Chapter 5- the work 8f 
Lees has already resulted in commercially available 
equipment used for the quantification of the degree of 
arterial stenosis in the carotid artery of man. 
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4.1 Introduction: Auscultation of Sounds and the 
Stethoscope. 
Auscultation is the art of listening to the sounds 
produced from within the body, and originating from the 
heart, lungs, and viscera. immediate asculation by direct 
application of the ear to the chest had long been practiced 
by physicians. Indeed, there are references to breath 
sounds in the Ebers Papyrus (c. 1500 BC); the Hindu Vedas 
(c. 1400 - 1200 BC); and the Hippocratic writings. Caelius 
Aurelianus (c. 500 BC), da Vinci, Ambroise Pare, Harvey, 
Morgagni, Van Swieten, William Hunter, and others also 
referred to auscultation. Robert Hook described the heart 
sounds and had the intuition to write: "... I have been able 
to hear very plainly the beating of a man's heart. Who 
knows, I say, but that it may be possible to discover the 
motions of internal parts of bodies ... by the sound they 
make.... " 
Despite being known, immediate auscultation was 
practiced by few in medicine before the XIX century and 
seldom formed part of the regular examination of patients, 
q 
being used mostly as the final arbiter of the presence of 
life. The importance of auscultation changed dramatically 
with the invention of the stethoscope. 
The stethoscope has a special place in medicine, being 
closely bound up with the physician's image. This device 
was invented in 1816 by Rene Laennec, a surgeon working at 
the Necker Hospital in Paris. He was aware of immediate 
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auscultation, tought to him by Corvisart, his teacher. 
Apparently, Laennec was consulted by an eighteen year 
old woman presenting with symptoms of heart disease. 
Because of the patient's age and sex he found it 
inappropiate to use immediate auscultation. He recalled 
however a well known acoustic phenomenon: "If you place your 
ear against one end of a wood beam, the scratch of a pen at 
the other extremity is most distinctly audible. It occurred 
to me that this physical property might serve a useful 
purpose in this with which I was then dealing", He then 
rolled a piece of paper into a tight roll, placed one end 
over the precordial region and placed his ear to the other 
end and was most surprised to be able to hear the beating of 
the patient's heart with much greater clarity and 
distinctiveness than ever before. 
In February, 1818 he reported his findings to the 
Academy of Science and three months later he lectured on the 
same subject before the Academy of Medicine. His work has 
been hailed by medical historians and generations of 
physicians as one of the great contributions to medical 
advancement. It provided clinical medicine with the first 
major diagnostic "tool" and gave rise to a whole new 
9 
terminology: Stethoscope, auscultation, rales, fremitus, 
cracked-pot sound, metallic tickling from bronchophony, 
cavernous breathing, puerile breathing, veiled puff and the 
vascular "bruit" or noise which will be the subject of our 
interest. 
Listening to arteries for noises or "bruits" is a 
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standard part of the physical examination of a patient 
today. A noise ("bruit") in arteries such as those 
supplying the brain (carotid) or the kidneys (renal) may be 
the only warning sign that a severe stenosis is present and 
that a complete blockage of the vessel is about to happen. 
A large number of strokes are prevented by listening to 
bruits in the neck and correcting surgically the underlying 
lesion (stenosis) before the point of no return (blockage 
and stroke) is reached. on the other hand, different bruits 
indicate different degrees of narrowing and not all bruits 
originate from arteries important to the well-bein g of man. 
The detection of a bruit and the analysis of its 
characteristics are important in prevention of serious 
disease and in the making of surgical decisions. The 
present system of listening with a stethoscope and assigning 
a descriptive term to the bruit appears somewhat 
rudimentary. 
Recently with the advent of microminiaturized 
electronic components stethoscopes have changed a great 
deal. Most recent developments in this area have 
incorporated high fidelity amplification and even visualized 
q 
representation of the sounds, such as the Heart Sound 
Amplifier (Hewlett-Packard) and the Carotid Phonoangiography' 
Unit (Medical Electronic Devices). 
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Since arterial stenoses, the subject of our interest, 
are the most important and a frequent cause of bruits, we 
reviewed current knowledge on this subject and undertook 
experiments to clarify the mechanism of production of noise. 
This work is presented below. 
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4.2 MECHANISM OF NOISE PRODUCTION IN BLOOD VESSELS 
Noises originating from blood vessels are caused by 
flow disturbances. in veins this can result in a "venous 
hum" which is thought to be caused by the rapid expansion 
and contraction of the vein wall as a result of fluctuations 
in pressure particularly in the neck vessels draining into 
the right side of the heart. Venous 'hums' can be elicited 
by pressing lightly with a stethoscope over the course of 
the vein and they have minor diagnostic value in 
differentiating congestive heart failure from other 
conditions. 
In arteries, the subject of our interest, noise 
production develops: (1) because a partial blockage to flow 
in a vessel carrying normal blood flow rates which results 
in a disturbance in the blood flow pattern and causes the 
onset of turbulence or (2) due to high velocity flow from 
very energetic contraction of the left ventricle such that 
peak velocity during systole exceeds the critical Reynolds 
numbers and the flow stream becomes temporarily turbulent. 
The latter mechanism causes noises that can be heard 
routinely in young people and in adults after exercise 
It 
particularly in the region of the femoral arteries. Finally' 
(3) noise in arteries may appear with important reductions 
of the viscosity of blood as seen in severe anemia. In this 
situation the reduction of the red cell count and the 
concommitant drop in blood viscosity make the flow stream 
more susceptible to instability from high velocity and thus 
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to disturbance, particularly if there is a partial blockage 
in the vessels. 
The noise-production mechanism can be integrated into 
our knowledge of the flow mechanics of a stenosis as 
follows: during systole, blood immediately proximal to the 
stenosis moves under conditions of quasi-laminar flow as it 
passes from the unobstructed portion of the artery to the 
converging section of the stenosis, where it is rapidly 
accelerated. Beyond the narrowed portion and at 
sufficiently high Reynolds number (relative to blood flow in 
arteries rather than water flow in pipes) the flow in the 
diverging section of the stenosis separates from the vessel 
walls. At the boundary between the high-velocity flowstream 
and the slower moving fluid in the recirculating separation 
zone, a shear layer is created which extracts energy from 
the main flow as a result of the turbulence produced. 
This energy extraction process proceeds at a 
sufficiently rapid rate that before systole has ended the 
instabilities breakdown into fully turbulent motion in the 
jet. The turbulence continues to extract energy from the' 
main flow as the jet expands to fill. the vessel. Once the 
jet fills the vessel, the turbulence is no longer able to 
sustain itself by extraction of energy from the main flow 
because the unobstructed arterial Reynolds number is 
typically below the critical Reynolds number necessary to 
achieve sustained turbulent flow. At this point, processes 
for dissipating predominate over those for production of 
turbulence energy and the flow downstream of the stenosis 
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returns progressively to a quasi-steady state. Between the 
stenosis and the downstream limit at which turbulence has 
significantly decayed, turbulence intensity can become quite 
large, and the wall of the artery can be subjected to large 
fluctuating stresses imposed by this turbulent flow. 
The fluctuating stresses imposed on the arterial wall 
give rise to the clinical phenomenon known as a "bruit". 
These bruits (noises) have long been recognized as 
symptomatic of arterial irregularities, in fact their 
significance was understood long before the development of 
the stethoscope in 1816 by Laennec. 
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4.3 CHARACTERIZATIONS OF ARTERIAL NOISES 
It is common knowledge to physicians using stethoscopes , 
that the characteristic properties of an arterial noise 
change with the various arterial geometries and velocities 
involved. Thus, high pitched noises are associated with 
tight stenoses, and soft, low pitch noises with mild ones. 
over the years and for want of a better system a number of 
adjectives have been used to characterize arterial noises. 
Their amplitude is described as loud or soft, frequency as 
high or low pitch, the duration of the noise is defined by 
the segment of cardiac cycle occupied by the noise 
(systolic, mid-diastolic, etc). Finally, certain bruits, 
such as those produced by a severe stenosis of the carotid 
artery of the neck which have a typical loudness, pitch and 
timber are described by colorful analogs such as "seagull 
cries". Obviously, the classification of noises using such 
terms is subjective and difficult to analyze; certainly 
recordkeeping would require both an exceptionally good 
memory and uniformity of criteria. Because of this many' 
investigators have attempted to classify noises by more 
objective criteria than pure descriptive terms. 
I 
One such attempt by Karshner and McRae (15) resulted in 
the carotid phonoangiography unit (CPA). Their unit is 
specifically designed to record noises produced by stenosis 
of the carotid artery in the neck, a lesion well known to 
lead to strokes. 
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Figure 4.1: Reference table for empirical calculation of degree of 
stenosis of carotid artery (% loss of diameter) from their noise 
pattern. (from Karchner & McRae) 
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This device uses a microphone and a plexiglass coupling 
bell to localize the source of noise in a patient's neck. 
The inventors have classified the duration of the noise 
relative to first and second heart sounds (which are also 
transduced by the system). There is a gross correlations 
between the time duration of the noise and the severity of 
the lesion up to a loss of approximately 80% of the lumen 
(Fig. 4.1). However, beyond this point, the noise 
production in terms of total energy units begins to 
attenuate. This leads to the paradox that advanced lesions 
(greater than 80% loss of diameter) produce little or no 
noise intensity and thus may not be heard at all. This 
makes the distinction between a severely diseased artery and 
a normal artery most difficult. 
As we have seen in an earlier chapter, the amount of 
energy which is surrendered 
pressure energy as a result 
function both of the severil 
rate across the lesion. It 
Karshner and McRae CPA unit 
with the characteristics of 
fact the true loss of lumen 
the noise is maintained for 
simply to higher velocities 
instance when the vessel in 
portion of the brain. Such 
carotid artery has occluded 
being examined) must supply 
from the flow in terms of 
of the disturbance to flow is a 
tY of the lesion and the flow 
is entirely possible for the 
to register an arterial noise 
a 70% loss of lumen, when in 
is only of the order of 50% but' 
a longer period of time due 
and flow rates. This occurs for 
question supplies a larger 
a situation happens when one 
and the opposite vessel (the one 
twice the amount of brain 
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tissue. 
Another system of noise analysis invented by Lees (19) 
analyzes the the spectral content of the noise during lOmsec 
of peak energy dissipation during systole. This requires 
the noise to be stored on magnetic tape and a small slice of 
the sound to be identified and processed through a Fourier 
analyzer. The inventors of this technique argue that a 
relationship - the Strouhal number - relating velocity from 
flow to the frequency of vortex shedding across the lesion 
allows the determination of the residual lumen diameter of 
the artery. 
The criticism of Lees' work is more fundamental. The 
application of the Strouhal number to a situation such as 
the carotid bifurcation region may be reaching beyond the 
limits of acceptability. The Strouhal number given 
by S-OD relates the rate of vortex shedding to the V 
diameter D of a wire in a flow field having a velocity V by 
the familiar "Aeolian tones" emmitted by telegraph wires. 
For example, at velocity of V- 10 meters per sec and a wire 
of diameter 2 mm in diamters, the frequency becomes 1050 per 
sec and the corresponding Reynolds number is approximately 
1200. Lees purports to be able to determine the residual 
lumen diameter by computing the maximum frequency present 
during peak systole and relating this via a constant factor 
to give the residual lumen diameter. In his original work 
he used a constant factor of 500 (19) however, it was 
subsequently found that this relationship did not hold in 
cases of advanced disease where the velocities through the 
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stenosis were increased but the velocity up to the stenosis 
was reduced because of the critical nature of the lesion. 
He then used a new approach which is discussed below with 
the analysis of our own experiments. Although we critize 
some aspects of his work we will refer to it many times 
since it is a serious and valuable attempt to clarify the 
relationship -between an arterial stenosis and the noise it 
generates. 
To Bruns is attributed the original and rather 
convincing argument that the source of vascular noise is 
periodic vortex shedding produced at the site of the 
obstruction in the form of vortex rings. This. work was 
later bolsted by the experiments of Fruehan (10). However, 
in comparing vortex shedding with turbulence, Bruns 
considered them in the classical sense as produced by flow 
in a straight pipe at Reynolds numbers of about 2000. In 
the case of an orificial plate, and shown earlier by, 
Johansen (14), vortex shedding quickly gives way to 
instability of the jet which then becomes turbulent at low 
Reynolds number. It was pointed out long ago by Kurzweg 
(18) that there is, in fact, no stable arrangement of ring 
vortices in a straight circular pipe. Whilst periodic 
q 
vortex shedding may actually occur immediately distal to a 
circular pipe orifice, we must expect it to degenerate 
quickly into a fully turbulent jet even at lower Reynolds 
numbers that produce turbulent flow in a pipe. It is also 
important to bear in mind that our discussion centers on 
flow through a circular plate orifice and that this is only 
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a rudimentary analogy to the narrowing caused in an artery 
by the average atherosclerotic plaque. 
152 
1000 
PIPE TURBULENCE 
A 
A 
100 
U) 
z 
LLI 
F- 
z 
10 
11 
0.1 
fd/U 
RIGHT FEMORAL 
LEFT FEMORAL 
LEFT CAROTID 
0 RIGHT CAROTID 
A 
10 100 
Figure 4.2: Time-resolved spectra from four human arteries 
superimposed on data obtained from turbulence in pipes (from 
Lees and Dewey). 
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In 1970 Lees and Dewey (19) showed that sound spectra 
from four stenotic human peripheral arteries, corrected for 
transducer characteristics and noise, could be superimposed 
with close agreement to the frequency distribution for 
turbulence in a rigid pipe (Fig. 4.2). The similarity 
between turbulence in a rigid pipe and the arterial sounds 
suggested that the fluid jet produced by a stenosis rapidly 
established a universal turbulent spectrum in the 
poststenotic segment. Their relationship between intensity 
and frequency shows an increasing reduction in intensity for 
increases in frequency but there is no obvious break point 
or "break frequency" in this work relating their first 
experiments. 
In subsequent publications Lees and Dewey showed the 
appearance of distinct "break frequencies". in the 
characteristic curves of intensity versus frequency. 
Unfortunately, in their papers the derivation of this "break 
frequency" was never clearly elucidated nor any discussion 
made of the differences between these spectra and the 
spectra which were presented in their earlier work showing 
close agreement between sound spectra from human arteries 
and those obtained from with that for free turbulence in a 
rigid pipe. Between their earlier and latter work there 
are, however, a number of modifications introduced in the 
signal processing prior to derivation of the spectra, the 
most noticeable being "prewhitening". The term 
'Prewhitening' refers to multiplication of the transducer 
signal by an analog filter function prior to processing. 
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"White" refer to the fact that the frequency characteristics 
of the filter are chosen such as to make the filtered signal 
look more like white noise, i. e. constant intensity per 
unit bandwidth. Exactly how the break frequency is derived 
subsequent to this process remains unexplained. 
This subject is further complicated by the work of 
Fredberg (9) who developed a theory relating the turbulent 
flow in constricted arteries to the sound recorded. At the 
overlying skin he found that the spectrum of pressure at the 
wall of the artery was related to the spectrum of pressure 
at the surface of the skin by a filtering factor 
approximately proportional to the reciprocal of the square 
of the frequency. Fredberg contends that this arises not 
because of frequency dependent volumetric absorption in the 
surrounding medium (as with ultrasound) but because of the 
manner in which stochastic signals add when observed. 
Despite a very elegant mathematical exposition of the 
problem, there are a disturbing number of references to the 
inadequacy of the mathematical techniques involved such as: 
"This includes only a small part of turbulent spectrum", 
"this is a crude estimate at best", and "the true limits of 
validity of the similarity assumption will have to be 
demostrated experimentally". Finally, Fredberg states, "týe 
exact solution could be obtained by evaluation of a four- 
fold frequency-dependent integral over the surface of a 
cylinder. Howeverr it is felt that an empirical or 
experimental approach is more appropriate. " Fredberg also 
uses the Strohal number but notes "while this final 
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assumption is at variance with part of the spectrum of 
interest in some in vivo cases, they represent an essential 
mathematical simplication and should not destroy the 
qualitative features of the model". 'Fredberg's contribution 
to the analysis of arterial sounds remains unclear at this 
point. 
In 1975, Dewey in collaboration with Lees and Duncan 
(6) published his results with the evaluation of carotid 
stenoses by phonangiography. These authors confront the 
problem alluded to previo-usly, that is that in advanced 
cases of stenosis, flow up to and flow through the stenosis 
is considerably decreased and therefore the analytical 
technique used in subcritical stenosis breaks down. In 
order to circumvent this problem the authors took the first 
-25 of 50 cases and developed an empirical relationship 
between the "break frequency" and the residual lumen 
diameter. Using these terms they approximated the flow 
velocity. They then reapplied the empirically derived 
velocity term in the subsequent 25 cases and use it to 
calculate the residual lumen diameter given the velocity and 
the break frequency, Analyzing their results, they showed 
q 
that carotid phonoangiography could predict the residual 
lumen diameter to within one millimeter in 73% of the cases; 
and to within 1.5 ml in 91% of the studies. However, one 
must remember that a residual lumen diameter of 2 mm with a 
range of variation of + 1.5 mm gives an estimation of 
residual lumen diameter of .5 ml to 3.5 mm and this is only 
obtainable in 91% of the cases. Clearly this range of 
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results encompasses nearly all lesions which could be 
expected to produce noise under normal arterial flow 
velocity conditions. Therefore, one would expect 100% of 
the lesions to fall within an even greater range of residual 
lumen diameters, which indeed they do. 
It was against this background of apparent high 
technological failure that the decision was made to 
reevaluate some fundamental aspects of these experiments to 
investigate the true effects of residual lumen diameter on 
noise as well as the relationship of stenosis size to the 
sound spectra recorded. 
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4.4 Modellinq of Sound Production in Bioloqical 
Preparations: 
_Experimental 
Data and Conclusions 
This investigation was based on the premise that the 
primary determinant of the characteristics of a vascular 
noise is the turbulent intensity in the post-stenotic flow 
stream and that this intensity is a function of the velocity 
of the flow jet emerging-from the narrowed portion of the 
vessel. 
This constitutes a rejection of the concept of vortex 
shedding (and thus of the applicability of the Strouhal 
nVmber) and the acceptance of the concept of free turbulence 
in the post-stenotic region. 
In a conceptual manner one could think in terms of 
"lumps" of fluid moving in a random manner with velocities 
which are roughly proportional to their size. The impact of 
these lumps of fluid against the arterial wall constitute 
the vibration force. This being the case one would expect 
to see higher pitch vibration from the smaller lumps 
(produced by faster jets) compared to low pitch vibrations 
from larger lumps of fluid (from slower velocity jets). 
In order to test this hypothesis one must produce 
q 
turbulent fields with a range of jet velocities and stenosii 
diameters in a carefully controlled experimental model. 
Sounds should be recorded through a microphone of calibrated 
frequency response and stored on high fidelity tape for 
further analysis or, preferably, analyzed in real time 
during the experiment. 
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The data processing system described by Lees and Dewey 
consisted of a microphone of similar characteristics to 
ours, a high fidelity tape recorder, digitizer and Fourier 
analyzer. Since they were monitoring noises from patients, 
the flow field they were sampling was pulsatile. In the 
signal thus obtained they identified visually the maximum 
amplitude noise corresponding to peak systolic velocity. 
once this peak systolic velocity was identified they sampled 
5 msec of signal on each side (Fig. 4.3). This 10 msec 
sound burst after "prewhitening" (as described above) was 
then processed through the Fourier analyzer. 
Their approach requires accepting some assumptions, 
namely: constant cardiac output from beat to beat, accurate 
visual identification of peak systole and the acceptance of 
an arbitrary and constant value for peak velocity through 
the stenosis throat. 
our concept of noise production by a tight stenosis 
assumes that different velocities will result in different 
sound spectra. We, therefore, needed to control and measure 
the effect of different velocities on the sound spectra. 
The instrumentation available to us was not capable of 
q 
selecting discrete portions of data from a pulsatile signal. 
We therefore chose a, constant flow system with a steady 
velocity (Fig. 4.3). We analyzed the noise in lOmsec 
samples. In this manner it was possible to average a large 
number of samples as though they were the peak velocity 
signals from a pulsatile system. Flow through the 
preparation was provided by an extra-corporeal 
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circuit driven by pressurized oxygen to give flow velocities 
representative of those at peak systole in the in vivo 
pulsatile flow situation (Fig 4.4) and ranging from 7- 
80cm/sec., giving jet velocities through various diameters 
of a stenosis between 140cm/sec to 425cm/sec. 
From each dog 300ml of blood were drawn after adequate 
anticoagulation with 7000 U. of intravenous heparin. The 
blood volume drawn was replaced by an equal volume of 
Lactated Ringer's. This blood was delivered to a 
"cardiotomy" reservoir and returned to the femoral artery 
via a bubble flowmeter and a specially constructed catheter. 
The catheters used in these experiments were wide- 
bored, thin-walled tubes with plate-type end-orifices of 
various sizes bonded to the distal ends. The outside 
diameters of the catheters (see Fig. 4.5) were chosen to fi t 
tightly in the lumen of the artery in order to prevent 
catheter whip during discharge. Manipulation of the oxygen 
pressure allowed a wide range of steady flow rates to be 
selected for any of the catheter orifice size. 
The femoral artery of the dog was ligated proximally 
and the catheter passed to a distal site. (Fig. 4.4) All 
branches of the femoral artery in the experimental segment 
were ligated. The catheter was advanced into the femoral 
artery to a point covered with intact, closely shaved skin. 
The exact position of the'catheter tip could be ascertained 
under the skin by palpation. 
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TO RESERVOIR 
CATHETER TIP POSITION 
BY PALPATION 
Figure 4.4: Experimental setup for the production of turbulent 
noise in the femoral artery of an anesthetized dog. 
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CATHETER DIMENSIONS 
CATHETER BODY OUTSIDE DIAMETER* 3.05mm (D) 
ORIFICE DIAMETERS: (d) 
CATHETER #1 0.56 mm 
#2 0.69 mm 
#3 1.17 mm 
#4 1.65 mm 
PERCENT STENOSIS 1- d2 1ý2) x 100 1 
CATHETER #1 98% 
#2 96% 
#3 89% 
#4 79% 
*Inside Diameter of Artery 
Figure (Table) 4.5: Inside diameters of the 4 catheters used-in these 
experiments. Percent area stenosis is also shown. 
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The noise produced by the jet stream was monitored with 
the CPA microphone and amplifier (M. E. Devices Inc. ). The 
microphone was positioned for maximum output as determined 
by the amplitude of the signal at constant gain on the CPA 
equipment and held in place by its own weight to standardize 
coupling conditions. The microphone output was passed 
(Fig. 4.6) to a dual beam storage oscilloscope (Tektronix 
5113) fitted with a Spectrum Analyzer Module (5L4N). 
Analysis range was set to lKhz. and sweep rate to 0.01 sec, 
each sweep constituting one sample. Y-scale sensitivity was 
carefully selected so that 256 samples could be averaged by 
the signal averager using a single intensity scale for pll 
combinations of velocity and catheters. The signal averager 
was a Hewlett-Packard model #5480B. Background noise for 
the system was monitored by taking the average of 256 
samples without flow. The background noise for each 
determination was displayed below its respective flow signal 
(Fig. 4.7). 
The average spectra for the various combinations of 
stenosis and flow rates were obtained as the log of relative 
intensity (dB) against linear frequency (Hz. ). Lees noted 
that the break frequency (f ) is more easily identified by 
converting the linear frequency scale to log frequency 
(Fig. 4.8). We did this by digitizing and replotting the 
results obtained from the signal averager. (Fig. 4.7). All 
frequency spectra were found to be of similar shape and were 
characterized by a well-defined peak in amplitude followed 
by a rapid decrease at a constant slope. (Fig. 4.9). 
164 
STORAGE HEWLETT CAROTID OSCILLOSCOPE PACKARD PHONOANGIOGRAM TEKTRONIX SIGNAL AVERAGER # S113 # 5480 B M. E. D. SPECTRUM N= 256 ANALYZER # SL4N 
MICROPHONE 
LOG 
LIN 
HEWLETT HEWLETT LOG PACKARD PACKARD 
PLOTTER DIGITIZER 
LOG # 9862A # 9864A 
Figure 4.6: Instrumentation and data processing in our sound 
experiments. 
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EAR 
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FOURIER 
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DIGITIZER 
PLOTTER 
-0 MICROPHONE 
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LOG 
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Figure 4.7: Signal processing in our noise recording experiments. 
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Figure 4.8 The plot of intensity vs. frequency in log; -log scale. 
Background noise at the bottom.. The break frequency is represented 
by fo. The break frequency point is the intersect between the two 
lines fitting the plot made by averaging 256 samples. 
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The amplitude of the signal increases with jet velocity. ' 
However this only holds for individual families of curves; 
for example, curves 7,4 and 3 in which the stenosis diameter 
is constant. It is not possible to compare curves from 
different families since the amount of noise produced by 
very tight stenoses with any velocity of flow was never as 
much as that from less severe stenoses. This is in keeping 
with the findings of Karchner and McCrae. 
The frequency of this maximum amplitude was assumed to 
be the break frequency of Lees, (see f in Fig. 4.8) and 
occurred in the region of 400 to 500 Hz. This bre ak 
frequency was compared to the stenosis diameter and to the 
values of velocity through the stenosis. (Fig. 4.10) 
To determine the exact break frequency we found the 
intersect of the two best straight lines applied to the rise 
and the fall on each'side of the break frequency peak (see 
Fig. 4.8). The break frequency thus determined was plotted 
against the velocity values through the stenosis (Fig. 4.11) 
and a correlation coefficient of r=0.64 [n=15 and p 0.011 
was found. 
From this data it would appear that the break frequency 
is a function of the velocity through the stenosis and suchq 
finding constitutes a major criticism of the assumptions 
made by Lees (19). However, one must not lose sight of the 
differences in data acquisition and analysis techniques 
between both experiments, namely: 1) diffferent sound 
transduction systems, 2) the absence of "prewhitening" in 
our experiments, 3) the use of a tuned filter-type spectrum 
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analyzer in our case as opposed to the fast Fourier 
transform employed by Lees. 
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OG 
a6m 
Figure 4.9: Log-log plots of intensity vs frequency. This is of 
experiments with all four types of catheters. Note the similar 
appearance of all curves. 
Frequency, Hz 
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Injection ds vi vs fo 
7 0.69 217.1 4242 452 
4 0* * 69 214.5 4191 484 
3 0.69 164.6 3216 447 
1 1.17 472.1 3208 474 
11 1.17 428.4 2911 437 
6 0.69 141.1 2757 403 
13 1.65 801.1 2739 398 
10 0.56 90.43 2682 447 
8 0.56 87.45 2594 *336 
2 0.69 125.0 2561 413 
5 1.17 374.7 2546 447 
15 1.17 336.1 2284 415 
12 1.65 605.5 2069 360 
9 1.17 257.7 1751 404 
14 1.17 336.1 1583 399 
Do - 3.05 
Figure (Table) 4.10: Stenosis diameter (ds), prestenotic flow velocity (V1), 
transtenotic flow velocity (Vs) and break frequency (fol for a series of 
injections. 
TEXT BOUND INTO 
THE SPINE 
PAGE 
NUMBERS 
CUT OFF 
IN 
ORIGINAL 
1/1 
Figure 4.11 Break frequencies plotted vs. velocity flow at stenosis. 
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The outstanding difference between our results and 
those of Lees is in the basic shape of the spectrum which, 
whilst it could be attributed to the above, is more 
adequately explained in the most recent publication from 
Dewey and Lees (6). In it Lees presents curves remarkably 
similar to our own, showing that under conditions of very 
tight stenosis and high velocity, the spectra do indeed 
become multi-peaked and the break frequency is obscured 
(Fig. 4.12). 
Accepting their most recent findings and noticing their 
identification of the break frequency values obscured by 
multiple peaks calls into question the validity of the 
identification of the break frequency in our own work. 
This brings us to a rather paradoxical sequence of 
facts: (a) we question the validity of their assumption of 
constant velocity value, (b) our data shows a "f " which 
correlates with stenosis jet velocity, (c) the shapes of our 
spectra are different from those shown in their early work, 
(d) their most recent work shows spectra very similar to 
ours but, (e) they note that in tight stenosis a change in 
velocity affects a change in f although the latter is now 
q 
obscured by multiple peaks. 
In order to carry this work further, it would seem most 
appropriate to combine together the best aspects of what has 
been done by Lees (6), Karchner-McCrae (15) as well as Sacks 
(25), by employing three-dimensional analytical techniques 
of the type used in the measurement of high fidelity loud 
speaker characteristics. In this technique a digital 
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processor is used to obtain the loud speaker's transfer 
function from a direct measurement of the impulse response. 
The method allows results to be displayed in three- 
dimensional plots using frequency, amplitude and time as the 
three axis to display a three-dimensional perspective of the 
"cumulative spectra". (Fig. 4.13) Unfortunately, this 
technique requires a very expensive system with a Fourier 
analyzer coupled to a digital plotter. Before embarking 
upon this new venture it seems appropriate to review the 
role of noise analysis in the context of non-invasive 
diagnosis and to reestablish the relevance of this 
information and the contribution which it brings to the 
identification and management of cerebral vascular disease. 
This is done in the synopsis in article 5.3 
q 
Text cut off in original 
174 
Imv 
100 av 
iMPLITUDE 
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Figure 4.12: Identification of the 'break frequency' (arrow) in the 
spectra presented by Lees. 
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Figure 4.13: A 3-dimensional recording of noise spectra. 
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CHAPTER 5 
OUR UNDERSTANDING OF FLOW MECHANICS 
THROUGH STENOSES 
177 
SYNOPSIS: CHAPTER 5 
The first section (5.1) discusses apparent 
contradictions and similarities between the mechanics of 
narrowed and dilated vessels, the two most common forms of 
deterioration of our arteries. There follows a short 
description of a unique lesion: the post-stenotic 
dilatation, combining narrowing and dilatation. 
We introduce the concept of "relative" stenosis under 
5.2 and describe some practical applications that we have 
developed in clinical'situations and that have helped us to 
establish the geometrical basis for some vascular 
reconstructive operations in man. 
Finally a brief criticism of some current beliefs on 
stenosis and bruits is made under 5.3 recognizing that more 
emphasis is needed on the theoretical or experimental 
solution of this question and hoping that, until such 
knowledge is available commercial use of devices which 
purport to quantify stroke-threatening disease will be 
abandoned. 
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5.1 ENERGY TRANSFERS, TURBULENCE AND PRESSURE LOSSES 
We have presented theoretical and experimental evidence 
explaining the basic flow mechanics through an arterial 
stenosis. This study shows that the most and equally 
important parameters in the determining the drop in pressure 
which occurs beyond a stenosis are the blood flow velocity 
in the pre-stenotic segment of the vessel (V) and the radii 
ratio between the stenosed and unstenosed segments. 
As flow contracts to enter the stenosis small energy 
losses take place. At the throat of the stenosis, the flow 
must accelerate and the attendant gain in kinetic energy (Ek.. ) 
is paralleled by a concommitant loss or lateral pressure 
energy (EpS) according to the Bernoulli principle. At the 
throat of the stenosis there is some loss of energy from 
friction occurs which conforms to that predicted by Darcy- 
Weisbach (e. g. 3.18). This friction loss is again a small 
portion of the total loss. 
In the post-stenotic segment a jet emerges from the 
throat of the stenosis with high kinetic energy. Most if- 
not all of this kinetic. energy is lost in the generation and 
maintenance of vortices and localized turbulence. No 
measurable recovery of the lateral pressure occurs in this 
segment in contraposition to what would happen in an ideal 
fluid following the Bernoulli theorem. Most of the energy 
losses occur in this post-stenotic portion. This point 
needs to be emphasized since classical teaching still 
attempts to explain the mechanics of a stenosis in terms of 
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the friction loss caused 
The vortex shedding 
post-stenotic dilatation 
and generate noise which 
can be heard by applying 
stenosis. This noise is 
It is interesting t 
by the constriction of flow. 
and localized turbulence in the 
cause the arterial wall to vibrate 
propagates through the tissues and 
a stethoscope over the area of a 
often referred to as a "bruit". 
o note that the two arterial lesions 
which are often referred to as opposites: a stenosis 
(contraction) and an aneurysm (dilatation), have certain 
common flow mechanics (Fig. 5.1). In both situations there 
is a sudden expansion of flow with generation of turbulence 
and loss lateral pressure energy. 
It has been known for a long time that patients with an 
aneurysm in the aorta have lowered pressures and reduced 
blood flow perfusion in the legs although they have no 
demonstrable constriction of their arteries. The loss of 
inflow pressure can be attributed to the turbulence 
generated within the aneurysmal dilatation of the large 
aortic tube. 
Our concept of the mechanics of a stenosis explains 
also why patients with aortic stenosis have more severe 
symptoms of loss of pressure than those with aortic 
aneurysm. Although the radii ratio expressing the post- 
stenotic expansion may be identical, the jet emerging from 
the throat of the stenosis has a much higher kinetic energy 
than the normal aortic stream entering aneurysmal 
dilatation. We have seen that the post-stenotic loss is 
determined by both the radii ratio and the velocity of the 
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blood in the prestenotic segment (and hence at the throat of 
the stenosis). Thus, the expansion losses in the case of an 
aortic stenosis should be greater than those caused by an 
aneurysm by a factor equal to the difference in jet 
velocities between the former and the latter. 
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ANEURYSM 
Figure 5.1: Schematic diagram of two lesions which are usually depicted 
as 'opposites' in arterial pathology: a dilation or aneurysm and a 
narrowing or stenosis. Note the underlying flow mechanics are similar, 
that is, sudden expeansion of flow and generation of turbulence. 
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Figure 5.2: Mechanism of pressure loss 
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These two seemingly opposite but mechanically similar 
lesions actually occur together in arteries where a brisk, 
tight constriction has developed or has been artificially 
established (Fig. 5.3). This is the case of a "post- 
stenotic aneurysmal dilatation". This phenomenon of post- 
stenotic dilatation occurs when a jet with high kinetic 
energy causes enough turbulence in the post-stenotic segment 
to vibrate the artery and produce not only a noise or bruit 
which can be heard but actually a palpable thrill which can 
be felt by gently palpating the artery through the skin. 
The vibration of the post-stenotic segment of the artery 
usually has a widq frequency spectrum (30-500 Hz. ) The 
artery resonates to this vibration and this causes 
alteration in the elastin and collagen wall components which 
weaken wall of the artery and cause it to dilate under the 
stress of the intravascular pressure. The resonance of the 
artery is suggested by the fact the arteries of young people 
which are supple and resonate to lower frequencies, dilate 
under experimental conditions with frequencies in the range 
of 30-100 Hz (R). The arteries of older people are stiffer 
and dilate in the bandwidth of 200-300 Hz. 
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Figure 5.3: The phenomenon of post-stenotic aneurysmal dilatation. The 
turbulence induced by the sudden expansion of flow causes resonant vibration 
of the arterial wall. This in turn causes -physico-chemical chances in the 
structure of the wall which looses tensile strength and dilates under the 
force of intravascular pressure. 
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5.2 THE CONCEPT OF RELATIVE STENOSIS 
In the arterial network, there are situations where a 
normal segment of artery may behave as a "relative" 
stenosis. This occurs, as we shall see, because of the 
blockage of another vessel or because of changes in geometry 
or blood velocity following the surgical placement of a new 
artificial vessel. Such "normal" segments qualify as 
"relative stenosis" simply by being narrower than their 
inflow and outflow vessels. In such a situation, a segment 
with such a "relative" stenosis may give rise to symptoms. 
A relative stenosis does exist when an otherwise normal 
vessel and for the reasons just stated has a smaller cross- 
section than its afferent and efferent vessels. 
Although at rest there may be no flow disturbance if 
the vessel in question is asked to supply a larger bed its 
flow velocity V, will argument. We have seen previously 
that the hemodynamic effects of stenoses depend both on the 
geometry (W) and the value of V, in the prestenotic 
segment. Augmenting V, under the circumstances 
ennumerated above converts a 'normal' segment of vessel into 
a "relative" stenosis. Such a situation may occur as a 
result of the occlusion of one branch of a bifurcation or ýs 
a result of a surgical reconstruction. Two examples of 
relative stenosis are discussed below. The first example is 
the result of the most common arterial occlusions by man, 
the occlusion of the superfical femoral artery in the leg. 
186 
Figure 5.4: In a normal arterial bifurcation the sum of the cross- 
sectional areas of the branches is greater than that of the trunk. 
187 
The other example is the result of an operation of the so- 
called coss-over bypass typed, use to provide bloow flood to 
a limb taping the artery of the opposite extremity as a 
blood flow source. 
Most arteries increase their cross-sectional area when 
they divide so that the sum of the areas of the branches is 
greater than the area of the trunk (Fig. 5.4). As the 
periphery is approached, the area ratio of arterial 
bifurcations increases such that A, + A2 and 
AO 
the value of this ratio P is roughly 1.15 for each 
major division. The measurements of Beales and Steiner (R) 
indicate that this is a reasonable assumption. 
5.2.1. Conditions under which a 'normal' deep femoral 
artery acts as a 'relative' stenosis. 
Let us take now the bifurcation of an artery which is a 
common site for atherosclerosis: the common femoral artery. 
In Fig. 5.5, we have a schematic representation of the 
progressive increase in cross-sectional area at-successive 
divisions beyond the common femoral artery due to the effect 
of the bifurcation a, rea ratio P-1.15. The width of 
each rectangle is proportional to the cross-sectional area 
of the vessel it represents. The actual values of these 
cross-sectional areas were determined by us by cast 
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injections of 10 specimens recovered from autopsies. Note 
that the superficial femoral artery has practically no 
branches in the thigh and therefore contributes a constant 
cross-sectional area to the diagram. Conversely the deep 
femoral artery divides many times in a short distance and 
thus shows an rapid increase in the total cross-sectional 
area at each division. 
In man the most common arterial occlusion is that of 
the superficial femoral artery in the thigh. This leaves 
the deep femoral artery with the main business of carrying 
flow to the thigh, leg and foot. It has been classically 
assumed that the best operation to improve flow to the leg 
and foot is to put a bypass as a substitution for the 
blocked superficial femoral artery. Our clinical experience 
2b has shown that when the superficial femoral artery is 
occluded the enlargement of the "geometrically normal" trunk 
of the deep femoral artery results in surprising but 
objective increases in flow in the leg and foot (supplied by 
this deep femoral artery). The explanation for this can 
only be that the trunk of the deep femoral artery acts as'a 
'relative' stenosis. That this is so is shown in Fig. 5.6 
where we have represented schematically the occlusion of the 
superficial femoral artery and where it can be seen that thle 
trunk of the deep femoral artery acts as an area of relative 
stenosis. To the right side of the figure, the same 
situation is redrawn in a more conventional outline. 
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of CFA -unit width (ieArea=l) 
of SFA (width= 0.65) 
of DFA (width= 050) 
of first order branch areas 
h= 1.15x width of DFA) 
irther increases in area at 
ubsequent branchngs. 
Area ratio P=C FA : SFA+ DFA =1: 1.15 
Figure 5.5: A schematic representation of the femoral bifurcation of normal 
man. The rectangles on the right represent the cross-secitonal area of the 
arteries depicted on the left. CFA: common femoral artery, SFA: superficial 
femoral artery, DFA: deep femoral artery. 
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Under normal circumstances a patient with a blocked 
superficial femoral artery and severe symptoms from it would 
have an arteriogram to evaluate his situation. Let us now 
assume that he has a thickening of the inner lining of his 
deep femoral artery of 0.5 mm, a common occurrence, which 
would not be noticed since it is beyond the resolution 
obtained by arteriograms. Such a modest thickening would 
lower the area ratio P of the femoral bifurcation to 0.36 
while a thickening of 1 mm would lower it to 0.22. That 
would represent a tenoses of 64 and 78% respectively in the 
inflow to the leg. The remedy for such a situation would be 
an operation in which the diameter of the trunk of the deep 
femoral artery is enlarged to a caliber equal or superior 
than the sum of its first two branches by the addition of a 
patch to its wall. This is shown in Figure 5.7. The 
schematic diagram of the right side shows the correction of 
the previous "relative" stenosis. 
In order to substantiate this hypothesis we measured 
blood flow in human beings in the course of these operations 
(2b). Figure 5.8 show the changes in deep femoral artery 
waveforms resulting from angioplasty of the deep femoral 
artery in a patient who has an occluded superficial femoral 
artery and in whom the only operation done was an 
enlargement of the trunk by the patch method outlined above. 
Simple patching of the otherwise "normal" artery did not 
change the mean "resting" flow through it as measured by our 
Nycotron electromagnetic flowmeter. It was 160 ml/minute 
both before and after the "patching". However, when we 
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lowered the distal impedance of the leg (by intraarterial 
papaverine injection) to. simulate the effects of exercise, 
there was a 56% increase in volume flow before the 
reconstruction and 143% after the "Patch" reconstruction. 
Given the fact that the systemic pressure was the same 
during all four flow determinations we can infer that the 
deep femoral artery trunk was acting as a critical stenosis 
under conditions of high flow (as during exercise) mimicked 
by the injection of Papaverine. The patient's ability to 
walk went from 200 yds to unlimited distance. 
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FA trur 
Figure 5.6: When the superficial femoral artery occlusion takes palce, the 
trunk of the deep femoral artery is a relative stenosis, at least from a 
eometry standpoint, interposed between the common femoral artery trunk 
above) in the branches of the deep femoral artery trunk (below). The 
rectangle corresponding to the superficial femoral artery in the previous 
figure has been erased to represent its occlusion. On the right side, a more 
conventional representation of the same geometrical disparity. The hatchet 
line signifies 0.5 mm thickening in the intima causing a "relative" stenosis 
of 62".. 
.- -- 
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Pre-op, cireo, of CFA . 
Post-op. cirea of DFA 
Figure 5.7: An operation done to correct this "relative" stenosis 
consists of placing a patch over the relatively stenotic area. The 
augmentation of cross-sectional area accomplished is shown in the 
diagram to the right as postoperative area of DFA. 
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Figure: 5.8: The relative stenosis of the deep femoral artery trunk when the 
superficial femoral artery is occluded'is shown here. This patient did not 
have any narrowing of his deep femoral artery trunk. On the left side pre- 
operative flow-waves obtained with electromagnetic flow measurements both 
at rest and after vasodilating (lowering the impedance) its distal vessels. 
Note its mean flow is 165 mm/min. On the right side, the postoperative 
flow waves obtained at the same site with the same proof immediately after 
the "patch" operation. Note that the mean flow is still the same. The 
waveform is much improved. When impedance is lowered distally (by injection 
of papaverine to simulate exercise) the artery can now accomodate 400 ml/min 
while before the patching operation only a maximum of 250 ml/min could be 
negotiated through this relative stenosis. 
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The demonstration of this relative stenosis has 
provided solid ground for the design of procedures such as 
the patching described above which can relieve 'relative' 
obstructions or stenosis in a vessel which is otherwise 
normal when the other branch of the bifurcation has been 
occluded. 
5.2.2 'Relative' Stenosis of a Geometrically Normal Donor 
Vessel 
Let us look now. at another common lesion, the occlusion 
of a left common iliac artery (Fig. 5.10). When the 
restriction of blood flow caused by this blockage is severe 
and the function of the leg is impaired the problem is often 
relieved by the placement of a "crossover" bypass 
(Fig. 5.11) 
Let us note that the bifurcation of the aorta in adult 
man is a rare exception to the ratio of arterial 
bifurcations (Fig. 5.9) The sum of the cross-sectional areas 
of the two branches of the aorta (iliac arteries) is smaller 
than the cross-sectional area of the aorta itself. 
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Figure 5.9: A schematic representation of the aortic bifurcation of 
normal man. Note that the bifurcation of the aorta in adult mart is an 
exception to the B-ratio. The rectangles on the right represent the 
cross-sectional area of the arteries depicted on the left. 
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Figure 5.10: When the left common iliac artery is occluded the already 
existing relative stenosis of the bifurcation of the aorta has its 
cross-sectional area halved when one common iliac artery is occluded. 
Figure 5.11: 
iliac artery 
further the 
common iliac 
of the flow 
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The palcement of a bypass 
improves the perfusion in 
significance of the relative 
artery increasing the flow 
through the artery. 
from the right to the left 
the left leg but increases 
stenosis of the right 
rate and hence, the velocity 
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when an arterial bypass (Fig. 5.10) is placed to 
relieve the effects of the blockage a situation is created 
that will result in the "donor" vessel (the right common 
iliac artery) becoming a relative stenosis interposed 
between the aorta and the arterial bed of both legs. Under 
these circumstances a small, previously undetected lesion in 
the right common iliac artery may become critical (that is 
may cause a drop in pressure and flow) since the velocity of 
flow through it has now been augmented as a consequence of 
the larger distal bed and hence the lower impedance 
(Fig. 5.11). Knowledge of this phenomenon of 'relative' 
stenosis calls for careful screening of donor vessels when 
an operation is planned that may increase the normal flow 
velocity through the donor vessel. 
From the standpoint of vorticity and turbulence, the 
'relative' stenosis created by the "rearrangement" of the 
branches of a bifurcation, such as in the two examples 
described is a mild one since the poststenotic segment 
dilates in a tapered and unabrupt manner at each succesive 
bifurcation. This decreases the amount of turbulence and 
vorticity and thereby the loss of pressure caused by the 
relative stenosis. 
q 
It is well known that the most efficient design for a 
poststenotic dilatation is a reverse taper such as is built 
in a Venturi tube (Fig. 5.12). The diagram representing the 
areas of the arterial bed distal to the relative stenosis is 
very similar to the corresponding portion of a Venturi tube 
showing a gradual expansion of the poststenotic area 
200 
Figure 5.12: A Venturi tube: The best outline to minimize poststenotic 
losses for any given degree of narrowing. 
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Figure 5.13: Superimposition of the outline of a Venturi tube and the 
graphic representation of the increase in cross-sectional area 
occurring at arterial bifurcations beyond a relative stenosis. 
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This is the reason why these relative stenoses cause less 
flow disturbance than would be anticipated from the degree 
of narrowing that they represent. 
Turbulence and energy losses are just two of the 
biologically important parameters of a stenosis. The effect 
of the blood velocity on the wall (wall shear stress) may be 
a very important factor in the rate of progression of 
atherosclerosis in an artery. In 'relative' stenoses such 
as those described above, pressure losses may not be very 
large but the high shear rate of the blood stream through 
the "relatively stenotic" segment should be taken into 
account when considering the progression of disease which 
may be induced in these donor vessels by the increased flow 
rate. 
I 
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5.3 ARTERIAL NOISE DETECTION AND ANALYSIS 
The search for a bruit, particularly in the area of the 
neck is or should be part of the standard physical 
examination of the patient today. A bruit indicates 
turbulence and is usually caused by severe stenosis of an 
artery. In the neck 90% of the bruits indicate a severe 
stenosis of the carotid artery; if such a situation is 
allowed to progress the likelihood of a stroke is high. 
The narrowing of an artery will cause a bruit when 
there is enough turbulence and intensity to vibrate the 
arterial wall and to propogate itself up to the level of the 
skin. In the final stages of a progressive stenosis, when 
the residual lumen approaches zero, turbulence is still 
produced in the post-stenotic segment but the intensity of 
this disturbance is so small that no bruit is heard. Thus, 
the presence of a bruit indicates a severe, critical 
stenosis but its absence indicates that the underlying 
artery is normal (quasi-laminar flow), occluded or very 
severely stenosed and thus on the verge of occlusion. 
We have seen how the degree of flow disturbance in the 
post-stenotic segement depends not only on the percent 
stenosis but just as much on the velocity Of blood in the 
pre-stenotic segment. This explains why individuals with a' 
decrease in relative viscosity in the blood, such as in the 
case of anemia, develop turbulence and noise in arteries 
which are normal or have a very slight stenosis. Even in 
individuals with a normal blood composition and viscosity, 
the situation exists where an artery such as a carotid, has 
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to supply twice its normal territory because its 
contralateral artery has been occluded. Under these 
circumstances, the pre-stenotic flow velocity is increased 
due to the larger volume flow delivered by this vessel and a 
small plaque, which under normal circumstances will produce 
no bruit, will now give rise to turbulence and noise. 
The work discussed in Chapter 4 and specifically that 
of Lees and Dewey has inspired a great deal of interest in 
the quantification of the residual lumen of a vessel by a 
spectral analysis of the bruit detected. From theirs and 
our experiments it is obvious that a simple solution is not 
at hand. In fact the resolution of the problems encountered 
until now will require sophisticated and very expensive 
equipment. It is pertinent, therefore, to consider where 
the answers that are being pursued justify costly additional 
research efforts and equipment. 
It is our opinion that at the present time such an 
enterprise is not justified. First of all, the very precise 
knowledge of the residual diameter of a vessel does not 
influence the decision of what to do with it. For instance, 
the majority of strokes in patients with carotid plaques and 
stenosis are not due to the restriction of blood rate 
imposed by the stenosis but to the embolization of material' 
from these plaques. The geometry of the plaque causing the 
stenosis is irrelevant in determining whether a small 
fragment of plaque or of thrombus has or will become 
detached and embolize the brain. It is important to know 
whether a stenosis is present and whether it is critical or 
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not but it will make no difference to know whether the 
residual lumen is 1.5 mm(A) or 1.9 mm(ot). 
We have seen that the characteristics of a bruit are 
influenced not only by the residual lumen but also by the 
velocity in the stenotic portion. Noises heard in 
individuals with increased pre-stenotic velocities might be 
read as representing lumen diameters smaller than they 
really have. Thus if a mildly stenotic carotid artery 
carries a high flow rate because the contralateral vessel is 
occluded the estimation of the residual lumen by this method 
will be erroneous. 
It is a pity that the work of Lees and Dewey has been 
placed in the commercial market rather precipitously. This 
piece of equipment at a rather prohibitive cost presumably 
will estimate the residual lumen diameter of a carotid 
artery with + 1.5 mm(A) in 90% of the cases. Such a wide 
range of variation is really useless information. Let us 
assume the equipment gives us a residual diameter of 2.2 mm 
U) for internal carotid artery where a bruit has been 
detected. The + 1.5 mm (M confidence band will allow us to 
say that this carotid has a lumen diameter between 0.7 mm(d, ) 
and 3.7 mm(4) which is just about the entire range of 
diameters in which the artery is expected to produce under 
normal flow conditions. It is our opinion that this 
information must be deemphasized, since it is costly and' 
useless in determining what to do with regard to carotid 
stenosis. Furthermore, the equipment cannot distinguish 
noises produced in important arteries such as the internal 
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carotid artery from those produced in accessory vessels, 
such as the neighboring external carotid arteries, which 
have little pathological significance. 
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